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THE LUMINISCENCE OF CHLOROPHYLL 
IN RELATION TO PHOTOSYNTHESIS** 


A. A. KRASNOVSKII 
Bakh Institute of Biochemistry, Academy of Sciences of the U.S.S.R., Moscow 


(Received 23 June 1958) 


THE energy that plant pigments, particularly chlorophyll, absorb from light is transfor- 
med into chemical energy of photosynthesized products. Only a little of the energy 
is re-emitted in various forms as light. Chlorophyll in a live plant gives a fluorescence 
yield of not over 2 per cent, whereas solutions of chlorophyll give yields of 30 per 
cent. 
Luminescence studies on pigments have solved some major problems that relate 
to how light energy is used in photosynthesis, and to the energy levels of chlorophyll 
and of chlorophyll analogues and derivatives. Various spectroscopic parameters 
(quantum yield, emission spectra, and excited-state life-times) have been recorded 
and related to the magnetic parameters of the excited molecules or of complexes 
thereof. 

Chlorophyll and its analogues have usually been used in forms that have been 
isolated chromatographically, or as their natural complexes with proteins and lipids 
in chloroplast granules. Dissolved chlorophyll luminesces in much the same way as 
do synthetic dyes. We have shown in our laboratory that chlorophyll and its synthetic 
analogue, magnesium phthalocyanin or tetraphenyl tetrazaporphin, are very similar 
in their spectroscopic and photochemical behaviour. The behaviour of chlorophyll 
in cells is rather different from its behaviour in true solutions. The chlorophyll in 


‘ chloroplasts is in a special state, because the granules are organized structures. The 


chlorophyll in green plants is found in the chloroplasts or chloroplastids, which are 
often ellipsoidal in shape in higher plants; the ellipsoids have axes of 5 and 2 p, with 
thicknesses of 0-5-1 uw. It was long ago shown that choroplasts have granular structures, 
with the chlorophyll in the granules. One chloroplast usually contains some tens of 
granules in higher plants. Electron micrographs of ultrathin sections from fixed chloro- 
plasts show that the granules have complex layered. structures; it is supposed that 
pigment-rich layers (disks) alternate with protein ones. Steinmann and Sjéstrand’s 
data [1] show that these disks from some higher plants are 0-3-0-6 wu in diameter and 


* Biofizika 4: No. 1, 3-18, 1959. 
+ Complete text of the paper given at the Sixth Conference on Luminescence (Leningrad, 17-22 


February 1958). 
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about 35 A thick. We still do not know the actual distribution of the pigment in the 
granules, though, because the black “pigmented”’ layers that are seen are ones that 
have taken up OsO, and which therefore contain lipids; the ethyl alcohol that is used 
to fix the sections extracts the chlorophyll [2]. 

We will review here the published data on the luminescence of chlorophyll in pure 
form and in the form in which it is found in nature. 


1. LUMINESCENCE BY PURE FORMS OF CHLOROPHYLL AND OF ITS ANALOGUES 


The fluorescence spectra of dissolved dyes imply the energy-level scheme that is 
shown below; this scheme is fully applicable to chlorophyll [3]. It is usual to interpret 
the two large absorption maxima that chlorophyll shows in the red and blue-violet 
regions as caused by two electronic levels [4] that correspond to the transitions 


A> A* and A>A,* 


Fluorescence radiation is emitted only from the lowest excited level, A*->A , 
as with dyes (Fig. 1). The excited molecules may pass from their singlet state to a meta- 
stable one, A*-->A,,; Terenin, and Lewis and Kasha, state that this state is of biradical 
(triplet) type. The improbable 4,,--> A transition is responsible for the phosphorescence 


A 


Fic. 1. Energy levels of the chlorophyll molecule. 


that is found with chlorophyll-b and with other porphyrin pigments in rigid media 
at low temperatures; the emission spectra have maxima in the near infrared (near 
860 mu [5]). Delayed fluorescence via A,, --> A*--> A is also possible ; the spectra are 
those of the usual fluorescence. 

Large concentrations of molecules in their triplet states have been obtained by 
flash techniques [6, 7], though it is also possible for the solvent to act as an electron 
(hydrogen) donor and to give the photoreduced form of chlorophyll under these condi- 
tions ; we have pointed this out before [8] in relation to Livingston’s experiments [6]. 
The absorption spectrum of the triplet state that he gives is very like that of Evstigneev’s 
primary photoreduced form [9]. Recently Fujimori and Livingston [10] have studied 
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the effects of various compounds on the fluorescence and metastable-state lifetime 
of dissolved chlorophyll; they used intense light flashes. They found that reductants 
(ascorbic acid) had no effect, whereas oxidants that usually quench the fluorescence 
quench the phosphorescence also. The half-life of the metastable state of chlorophyll 
is 4 104 sec in benzene alone, but falls to 1-6 x 104 sec if the solution is made 1-5 x 
10 in quinone. Carotins also reduce the half-life. 

It must always be remembered that intense flashes may cause the solvent molecules 
(or impurities) to donate electrons to the excited pigment molecules, and may thereby 
produce photoreduced forms of the pigments; this effect may predominate in some 
solvents. It is thus clear why ascorbic acid had no effect, since the photoreduced form 
of chlorophyll will react with oxidants, but not with reductants, as we have shown [11]. 
We have also shown [12] that we can most readily observe the reversible photoreduction 
of chlorophyll and its analogues if solutions in pyridine are used in vacuo, with ascorbic 
acid as electron donor. The light produces the red photoreduced form; the solution 
regains its green colour in the dark. An electron acceptor introduced into the system 
reacts with the photoreduced form and restores the green colour, so we find no photo- 


4min 


Fic. 2. Photoreduction kinetics of chlorophyll plus various compounds. (4 ml of 10°5: M 
chlorophyll in pyridine; 10 mg of ascorbic acid; vacuum; RG-2 filter (red); 500 W 
filament lamp ; 20°C.) Optical density K at 670 mu. (1) chlorophyll—ascorbic acid cont- 
rol ; (2) as (1), but plus carotin to 10-4 M. The same system with added electron acceptors; 
(3) riboflavin, 10°4 M ; (4) atmospheric oxygen ; (5) methyl red, 10°4+ M (azo dye). 


reduced pigment until all of the electron acceptor has been used up. The induction 
period we find in the photoreduction shows that the compound that we have added 
reacts with the photoreduced form. 

Figure 2 shows the photoreduction kinetics of chlorophyll-a in solutions that 
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contained ascorbic acid and electron acceptors such as atmospheric oxygen, riboflavin 
and methyl red. The curves were derived from the optical densities of the solutions 
at the absorption maximum of the pigment. The compounds all react rapidly with 
the photoreduced form and inhibit the photoreduction. Pakshina and I have shown 
that carotin has a similar effect, although we do not know whether it reacts with the 
triplet state or with the photoreduced forms. The effect is in any case very like that 
which Fujimori and Livingston have found [10]. Excited molecules can receive electrons 
from solvent or impurity molecules when flash illumination is used ; the triplet state 
is not the only possibility. 

It is not yet known for certain whether direct optical A --» Am transitions are possible, 
or whether Am --> A,,’ transitions between triplet states are. 

Photoelectric and photographic methods have been used to record the fluorescence 
spectra of chlorophyll and of its analogues. It is very important to prevent distortion 
of the main fluorescence maximum by reabsorption, particularly if leaves are used, 
since leaves have high chlorophyll concentrations [13]. 

The solvent usually affects the fluorescence spectrum little, and displaces its principal 
maximum and that of the absorption spectrum in the same way. The fluorescence maxi- 
mum of chlorophyll a lies at 670 my in ether, and at 673 my in pyridine. The sfructure 
of the pigment affects the fluorescence. Pheophytins are made by replacing the central 
magnesium atoms in chlorophyll, protochlorophyll and bacteriochlorophyll by hydro- 
gen ; the products still fluoresce, but the spectra are somewhat changed. The fluorescence 
is quenched within the molecule if copper, iron or some other paramagnetic element 


replaces the central magnesium. Changes in the lateral groups (methyl, vinyl, carboxyl) 
alter the fluorescence spectra but do not quench the fluorescence. The main structural 
feature that determines the fluorescence spectrum is the set of four pyrrole rings, 
which are joined by a system of conjugated double bonds. 


The degree to which the semi-isolated double bonds are reduced greatly affects 
the shapes of the fluorescence and absorption spectra. With bacteriochlorophyll, 
which has both such bonds reduced, the main short-wave fluorescence maxima lie 
in the near infrared (770-790 my); with the chlorins (with one such bond reduced) 
they lie at 660-690 mu, and with porphyrins, at 610-640 mu. The absorption maxima 
are shifted by like amounts. The lifetimes of the excited singlet states of chlorophyll 
and of its analogues are about 5x 10° sec for solutions. 

The photoreduced forms have fluorescence maxima at 550-650 my (chlorophyll-a) 
and 760 my (haemato-porphyrin — data from my work with Erokhin). 


The state and luminescence of the chlorophyll molecule 

Solutions of chlorophyll in polar organic solvents fluoresce a bright red, with 
quantum yields of about 30 per cent. Solutions in nonpolar hydrocarbons free from 
polar impurities fluoresce very weakly ; traces of polar compounds intensify the fluore- 
scence very much [14, 15]. 

Our experiments indicate that polar molecules (water, pyridine and alcohol) 
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co-ordinate to the central magnesium atom and cause dimers that form in nonpolar 
solvents to break up; the result is that the concentration of the fluorescent monomer 
form is increased. We drew this conclusion because the pheophytins and magnesium- 
free phthalocyanins show no activated fluorescence (when polar compounds are added 
to solutions in nonpolar solvents), although the compounds themselves fluoresce 
brightly [14, 15]. 

The pigmerit molecules aggregate into colloidal particles when the solutions in 
pyridine, alcohol, acetone or dioxane are poured into excess water. Colloidal solutions 
of chlorophyll do not usually fluoresce, nor do solid films that are made by evapora- 
ting the solutions made up in organic solvents in vacuo. Polar solvents added to colloidal 
aqueous solutions of chlorophyll intensify the fluorescence; the maximum effect is 
usually found when the water contains about 40—S0 per cent of the solvent. The colloidal 
micelles in effect delocalize the absorbed light energy; quasi-crystalline structures may 
form and may show photoconductivity, as Terenin, and Nelson, have shown [16, 17]. 

The pH of the water affects the spectra and sizes of the colloidal particles. Vorob’eva 
and I have shown that colloidal chlorophyll in phosphate buffer at pH 4-5 absorbs 
maximally at about 690 mu; large particles that in time settle out are formed. Very 
stable colloids form in more alkaline solutions (pH 9); their absorption maxima lie 
at about 670 mu. Alkalis favour the monomer form. Colloids produced from solutions 
in pyridine fluoresce weakly; the pyridine molecules are co-ordinated to the magnesium, 
which tends to split up the dimers. 

Brin and I have shown that we find quite different properties in the colloids that 
are made by pouring chlorophyll solutions into aqueous solutions of surface-active 
materials (anionic, cationic or neutral detergents) [18]. The colloids fluoresce brightly, 
and are photochemically active; they are very like solutions of chlorophyll. The micelles 
of the detergent appear to contain the chlorophyll in’ its monomeric form. 


Rabinowitch, Jacobs, Holt and Kromhout [19, 20] have shown that crystalline 
forms of chlorophyll a and of ethyl chlorophyll have their absorption maxima at 750 my; 
these crystals do not fluoresce. In 1947 we found that chlorophyll and magnesium 
phthalocyanin fluoresce when they are adsorbed on various materials [18, 21]. The 
adsorbents that gave the brightest fluorescence were, in the inorganic field, magnesium 
oxide, and in the organic field, palmitic acid. 

The data thus show that the monomeric form of chlorophyll is one that fluoresces 
brightly (whether adsorbed or in solution) when it is spread out in thin layers; the 
fluorescence is quenched by the molecules’ linking together. 

Phycoerythrin, which derives from red algae, fluoresces in solution, in solid films, 
and in its crystalline form. Here the chromophores (bilin groups) do not join together, 
even when the protein parts of the molecule do. 


Bacteriochlorophyll 
It is of interest to compare chlorophyll and bacteriochlorophyll, since the latter 
derives from bacteria that photosynthesize (which are more ancient, in evolutionary 
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contained ascorbic acid and electron acceptors such as atmospheric oxygen, riboflavin 
and methyl red. The curves were derived from the optical densities of the solutions 
at the absorption maximum of the pigment. The compounds all react rapidly with 
the photoreduced form and inhibit the photoreduction. Pakshina and I have shown 
that carotin has a similar effect, although we do not know whether it reacts with the 
triplet state or with the photoreduced forms. The effect is in any case very like that 
which Fujimori and Livingston have found [10]. Excited molecules can receive electrons 
from solvent or impurity molecules when flash illumination is used ; the triplet state 
is not the only possibility. 

It is not yet known for certain whether direct optical A --» Am transitions are possible, 
or whether Am --> A,,’ transitions between triplet states are. 

Photoelectric and photographic methods have been used to record the fluorescence 
spectra of chlorophyll and of its analogues. It is very important to prevent distortion 
of the main fluorescence maximum by reabsorption, particularly if leaves are used, 
since leaves have high chlorophyll concentrations [13]. 

The solvent usually affects the fluorescence spectrum little, and displaces its principal 
maximum and that of the absorption spectrum in the same way. The fluorescence maxi- 
mum of chlorophyll a lies at 670 my in ether, and at 673 my in pyridine. The sfructure 
of the pigment affects the fluorescence. Pheophytins are made by replacing the central 
magnesium atoms in chlorophyll, protochlorophyll and bacteriochlorophyll by hydro- 
gen ; the products still fluoresce, but the spectra are somewhat changed. The fluorescence 
is quenched within the molecule if copper, iron or some other paramagnetic element 


replaces the central magnesium. Changes in the lateral groups (methyl, vinyl, carboxyl) 
alter the fluorescence spectra but do not quench the fluorescence. The main structural 
feature that determines the fluorescence spectrum is the set of four pyrrole rings, 
which are joined by a system of conjugated double bonds. 


The degree to which the semi-isolated double bonds are reduced greatly affects 
the shapes of the fluorescence and absorption spectra. With bacteriochlorophyll, 
which has both such bonds reduced, the main short-wave fluorescence maxima lie 
in the near infrared (770-790 my); with the chlorins (with one such bond reduced) 
they lie at 660-690 my, and with porphyrins, at 610-640 mu. The absorption maxima 
are shifted by like amounts. The lifetimes of the excited singlet states of chlorophyll 
and of its analogues are about 5x 10° sec for solutions. 

The photoreduced forms have fluorescence maxima at 550-650 my. (chlorophyll-a) 
and 760 mu (haemato-porphyrin — data from my work with Erokhin). 


The state and luminescence of the chlorophyll molecule 

Solutions of chlorophyll in polar organic solvents fluoresce a bright red, with 
quantum yields of about 30 per cent. Solutions in nonpolar hydrocarbons free from 
polar impurities fluoresce very weakly ; traces of polar compounds intensify the fluore- 
scence very much [14, 15]. 

Our experiments indicate that polar molecules (water, pyridine and alcohol) 
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co-ordinate to the central magnesium atom and cause dimers that form in nonpolar 
solvents to break up; the result is that the concentration of the fluorescent monomer 
form is increased. We drew this conclusion because the pheophytins and magnesium- 
free phthalocyanins show no activated fluorescence (when polar compounds are added 
to solutions in nonpolar solvents), although the compounds themselves fluoresce 
brightly [14, 15]. 

The pigmerit molecules aggregate into colloidal particles when the solutions in 
pyridine, alcohol, acetone or dioxane are poured into excess water. Colloidal solutions 
of chlorophyll do not usually fluoresce, nor do solid films that are made by evapora- 
ting the solutions made up in organic solvents in vacuo. Polar solvents added to colloidal 
aqueous solutions of chlorophyll intensify the fluorescence; the maximum effect is 
usually found when the water contains about 40-50 per cent of the solvent. The colloidal 
micelles in effect delocalize the absorbed light energy; quasi-crystalline structures may 
form and may show photoconductivity, as Terenin, and Nelson, have shown [16, 17]. 

The pH of the water affects the spectra and sizes of the colloidal particles. Vorob’eva 
and I have shown that colloidal chlorophyll in phosphate buffer at pH 4-5 absorbs 
maximally at about 690 mu; large particles that in time settle out are formed. Very 
stable colloids form in more alkaline solutions (pH 9); their absorption maxima lie 
at about 670 mu. Alkalis favour the monomer form. Colloids produced from solutions 
in pyridine fluoresce weakly; the pyridine molecules are co-ordinated to the magnesium, 
which tends to split up the dimers. 

Brin and I have shown that we find quite different properties in the colloids that 
are made by pouring chlorophyll solutions into aqueous solutions of surface-active 
materials (anionic, cationic or neutral detergents) [18]. The colloids fluoresce brightly, 
and are photochemically active; they are very like solutions of chlorophyll. The micelles 
of the detergent appear to contain the chlorophyll in’ its monomeric form. 

Rabinowitch, Jacobs, Holt and Kromhout [19, 20] have shown that crystalline 
forms of chlorophyll a and of ethyl chlorophyll have their absorption maxima at 750 my; 
these crystals do not fluoresce. In 1947 we found that chlorophyll and magnesium 
phthalocyanin fluoresce when they are adsorbed on various materials [18, 21]. The 
adsorbents that gave the brightest fluorescence were, in the inorganic field, magnesium 
oxide, and in the organic field, palmitic acid. 

The data thus show that the monomeric form of chlorophyll is one that fluoresces 
brightly (whether adsorbed or in solution) when it is spread out in thin layers; the 
fluorescence is quenched by the molecules’ linking together. 


Phycoerythrin, which derives from red algae, fluoresces in solution, in solid films, 
and in its crystalline form. Here the chromophores (bilin groups) do not join together, 
even when the protein parts of the molecule do. 


Bacteriochlorophyll 
It is of interest to compare chlorophyll and bacteriochlorophyll, since the latter 
derives from bacteria that photosynthesize (which are more ancient, in evolutionary 
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terms, than are the green plants). These bacteria cannot set free molecular oxygen 
from water. Bacteriochlorophyll has fluorescence maxima at 780 and 870 my in solution 
in pyridine, when it has been made by a single chromatographic separation; a further 
maximum is also often seen at 700 mu, but this is caused by a pigment that resembles 
chlorophyll. This impurity can be removed chromatographically. 

We have found that bacteriochlorophyll has two clear absorption maxima at 
790-800 and 840-880 mu when it is used as solid films or as colloidal solutions; we 
assign the differences from the spectra found for solutions (which show maxima at 
760-770 mu, depending on the solvent used; these correspond to the fluorescence 
at 770-780 my) due to the molecules’ being packed in polymeric structures [22]. These 
absorption maxima probably correspond to the absorption shown by bacteriochloro- 
phyll in living bacteria, in which the pigment is probably present in an organized 
form. On the other hand, the live bacteria fluoresce at about 910 my [23, 24] and 
we know that polymeric forms of chlorophyll do not fluoresce. 

Matiukhina and I have measured the fluorescence spectra of solid films and of 
colloidal solutions made from bacteriochlorophyll, for which we used vacua and 
temperatures of —150°C. A very weak fluorescence maximum was found at about 
900 mu when we used very long exposures; this lies in the same region as does the 
fluorescence from living bacteria. Some structurally organized forms of bacterio- 
chlorophyll are thus able to fluoresce. These organized forms are not photosensitive, 
whereas monomeric dissolved bacteriochlorophyll is photolysed very rapidly when 
it is illuminated in air. A suspension of the bacteria might be expected to lose its fluor- 
escence entirely when it is illuminated in air, if the monomeric form were responsible 
for the fluorescence, but the effect has not been detected. The light weakens the 
fluorescence at 900 mu and displaces the maximum to 875 mu. The polymeric form 
is probably responsible for the bacterial fluorescence; for instance, structurally organized 
cyanin dyes show discrete fluorescence maxima. 


Fluorescence quenching for chlorophyll in solution 

Oxidants such as quinones and nitrocompounds most strongly quench the 
fluorescence given by chlorophyll and its analogues [25, 26]. Oxygen and nitric oxide 
also quench the fluorescence; here the paramagnetism of the molecules may cause 
the quenching. Reductants such as ascorbic acid have no quenching effect. We have 
not been able to detect any photoreaction between chlorophyll and any oxidant (other 
than oxygen), but the photoreactions with reductants (ascorbic acid) are vigorous 
[27]. 

Shpol'skii ef a/. [28] in 1936 showed that substances that react with certain sensitizer 
dyes do not quench the dyes’ fluorescence, which fact indicated that long-lived metastable 
states, and not excited singlet states, gave rise to the fluorescence. Franck and Livingston 
[29] have proposed several schemes for the sensitized reactions and have assumed 
that metastable states play a part. Terenin [3] assumes that the triplet states of sensitizer 
pigments take part in photoreactions. This idea agrees with the fact that the compounds 
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that react with chlorophyll do not quench its fluorescence. However, the experimental 
data on the reactions with the various excited states must be taken note of here (see 
above). Photoreduced forms can be produced by solvent or impurity molecules’ 
transferring electrons to the pigments; these forms are additional to the triplet states 
that may be produced. 


Chemiluminescence 

Helberger [30] and Rothemund [31] have studied the red chemiluminescence that 
solutions of magnesium phthalocyanin and of chlorophyll emit when they contain 
peroxide and are heated. Magnesium-free compounds (pheophytin) show no such 
emission, which would agree with the compounds’ marked resistance to oxidation. 
The cause of the chemiluminescence is not yet clear ; the peroxides probably decompose 
to free radicals [32]. The bright chemiluminescence is well seen if a drop of a solution 
of the pigment in tetralin is allowed to fall onto a ceramic plate heated to 300—400°C. 


2. LUMINESCENCE FROM CHLOROPHYLL AND FROM ITS ANALOGUES IN 
LIVING ORGANISMS, CHLOROPLAST SUSPENSIONS AND GRANULES 


Fluorescence. It was long ago noticed that plant leaves emitted a weak red 
fluorescence when ultra-violet light fell on them. The intensity depended on the age, 
type and physiological state of the plant, on the temperature, and on many other factors. 
The undersides of the leaves often fluoresce more brightly than do the top (illuminated) 
sides. Strong visible or ultra-violet light weakens the fluorescence from chlorophyll 
very much, as can readily be seen with red algae [31]. 

Vorob’eva and I [33] have studied the effects of various solvents mixed with water 
to various concentrations on the fluorescence from plant-leaf chloroplast suspensions. 
Organic solvents gradually break up the natural state of the chlorophyll (“de-aggregate”’ 
it) and intensify the fluorescence, which increases in intensity abruptly as the chlorophyll 
dissolves (usually at 40-50 per cent solvent). Solvents that act on non-fluorescent 
colloidal solutions of chlorophyll give a like type of curve. 

Franck, Kautsky, Wassink and others long ago studied how various agents affect 
the emissions from leaves and from single-celled algae (for reviews see [34, 35]). It is 
very difficult to sum up the vast amount of published data, and we quote only certain 
conclusions that have been drawn. 

The emission at first intensifies rapidly when light falls on plants that have been 
kept in the dark; it then falls smoothly to a steady level, which fall takes several minutes. 
Two or three fluorescence maxima are sometimes found during this induction period. 
Many agents can affect the exact shape of the curve. Franck et al. have shown that 
the steady intensity falls as the partial pressure of carbon dioxide rises; the effect 
is often interpreted purely physically, as the excitation energy’s being used up either 
for photosynthesis or by emission; more photosynthesis causes less fluorescence. 

We think that one should allow for the changes in the state and concentration of 
the chlorophyll when these effects are interpreted. The chlorophyll is not in a single 
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state, since the data show that the chlorophyll exists in different forms, with different 
spectra and photochemical responses. The results that show this are: 

(1) Chlorophyll has different spectra and photochemical responses if it has freshly 
been formed from protochlorophyll in etiolated leaves from those it has if it has been 
present for some time [36, 37]; 

(2) Some of the chlorophyll is destroyed very rapidly when leaf homogenates 
are destructively photo-oxidized; the fluorescence weakens rapidly. Plant species 
differ in the amounts of the fast-bleaching monomer form that they contain; the 
amounts depend on the ages and physiological states of the plants [36]; 

(3) The ultracentrifuge (25,000 g) can partly fractionate the chlorophyll from 
green-leaf homogenates into forms with absorption maxima at 677-678 mu and 
670-673 mu [37]; 

(4) Godnev [38] and Osipova [39] have found that the ease with which chlorophyll 
may be extracted into a solvent depends on the age and type of the plant. 

It is important to elucidate why these different forms exist in living undamaged 
leaves, since it may be that the states of the pigment-protein complexes will be altered 
by homogenization. 

French has used his derivative spectrophotometry method [40] to show that leaves 
have the absorption maxima of chlorophyll a (672 and 678 mz). He measured dD/d?. 
as a function of 4 and could thereby detect maxima that are not seen when the optical 
density D is plotted against the wavelength 2 in the usual way. 


Arbitrory units 


Fic. 3. (1) Fluorescence spectra of etiolated bean leaves; (2) the same after a 1 min 
irradiation. Measured at —150°C (Litvin’s data). 


We must know not only how the integral intensity of the fluorescence changes 
but also how the spectrum changes as chlorophyll is formed and begins its work of 
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photosynthesis. We need very fast photography to record the rapid changes; it is 
difficult to do these fast recordings. Litvin and I have cooled leaves rapidly in liquid 
nitrogen (to freeze in the intermediate forms and to prevent further reaction), and 
have recorded the fluorescence spectra [41]. 

We detected two forms of protochlorophyll, with fluorescence maxima at 630 
and 655 mu, in etiolated leaves; these forms differed in photochemical activity and 
in the fluorescence spectra that their daughter chlorophylls gave (the spectra had maxima 
at 690, 675 and 680 my); reabsorption effects from the biosynthesized chlorophyll 
shifted the apparent maxima to 686 mu. These results agree with Shibata’s [42]; he 
detected the different forms from the spectra of etiolated and of green leaves. Figure 3 
illustrates the first stage in the synthesis of chlorophyll. 

It is not yet clear whether the various forms relate to stages in the biosynthesis, 
e.g. to the stages where the phytol tail is added [43, 44], or to different types of bond 
between pigment and protein. Solvents extract only ordinary protochlorophyll and 
chlorophyll-a at all stages, in any case. 


Phosphorescence 

New types of delayed emission from the chlorophyll in organisms have been observed 
in recent years; these types are distinct from fluorescence, which is related to an 
excited singlet state in chlorophyll (+ ~ 10° sec). Strehler and Arnold [45] have 
found a very weak afterglow that persists for several minutes after the light has been 
cut off; a rough measurement of the spectrum showed that it was like the fluorescence 
spectrum of chlorophyll. The action spectrum that excited this afterglow was like 
the action spectrum for photosynthesis (the absorption spectrum of chlorophyll). This 
glow, which must be assigned to chemiluminescence, is sensitive to poisons and to 
temperature, and is clearly related to elementary photosynthesis processes. Strehler 
[46] later concluded that this glow had three parts; one that lasted for 10% sec, 
one that lasted for minutes, and one of intermediate duration. Enzyme poisons such 
as hydroxylamine or dinitrophenol suppressed the second component with living 
cells; heating to 50°C did not affect the first but inhibited the second, which is 
clearly of biochemical origin. It is unfortunate that we do not yet know the spectra 
of the components exactly. 

Chlorella has also been studied by differential spectroscopy [24] to correlate 
the changes in the emission and absorption spectra. It was found that the long-lived 
emission was qualitatively related to the absorptions at 525 and 648 my for leaves. 
Products that have their absorption spectra at these wavelengths are supposed to 
react back and give the emission; it is not known what these products are. The 525 mu 
maximum is the same as that of the photoreduced form of chlorophyll. 

Tollin and Calvin [47] have studied the emissions from pigments at different tem- 
peratures ; spinach chloroplaste were excited by light flashes that lasted for 2 x 10° sec, 
while the photomultiplier that viewed the emission was energized at a variable time 
after the end of the flash. They found three afterglows, with half-lives of 0-15, 2 and 
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15 sec, at room temperature. The last of these was detected only by the most sensitive 
equipment. The three emissions have the same spectrum. Only the first emission was 
found at — 35 C. A new emission, of half-life 0-3 sec, appeared at — 90°C and became 
stronger with further cooling to —196°C. Only light in the 360-420 my range could 
excite this emission, which lies at about 1 uw. 

Arnold and Sherwood [48] state that chloroplasts that have been dried in nitrogen 
and are then heated emit maximally at 50 and 150°C. Fresh moist chloroplasts did 
not do this. Calvin states that the luminescence results correlate qualitatively with 
those that e.p.r. studies give; the emission and the e.p.r. signal are elicited by light 
the chlorophyll absorbs. The decay times (some seconds) of the emission and of the 
e.p.r. signal are similar at room temperature; the e.p.r. signals given by dry chloro- 
plasts, or by ones at — 140°C, last for hours, and no emission is found at 700— 900 mu ; 
at 60°C the e.p.r. signals from dry chloroplasts last for several seconds, and the thermo- 
luminescence shows a peak. The emission is assigned to unpaired electrons and holes 
recombining in the quasicrystalline chlorophyll in the granules. 

The differing half-lives of the emissions are caused by the differing depths of the 
electron traps (see Fig. 1). The low-temperature emission is caused either by transitions 
from the lowest triplet state, or by transitions between upper and lower triplet states, 
since the latter excitation can be produced by light that is absorbed at the blue-violet 
maximum of chlorophyll. 

We think that it simplifies the picture too much, and neglects the biochemical 
aspects, to use semiconductor models. It may be that radical ions are formed instead 


of trapped electrons. The various emissions can be explained in terms of radicals that 
have different life-spans recombining; these radicals are formed by electrons being 
transferred via intermediate enzyme and redox systems. The photosynthetic peroxides 
may also react with chlorophyll, which chemiluminesces. 


Chloroplast thermoluminescence 

Arnold and Sherwood [48] have recently detected an emission that was produced 
by heating dry chloroplast films that had previously been exposed to visible light. 
The chloroplasts were extracted from the leaves of tobacco, spinach, etc., plants in the 
usual way and were dried in a current of air on metal discs that were fixed to an alumi- 
nium rod which was heated. A photomultiplier (cooled with dry ice) recorded the 
emission up to 1-3 u. The maximal emission was found on heating the dry chloroplasts 
to 100-130C (Fig. 4). The emission persisted for four heating and cooling cycles, 
though it weakened with each repetition. The spectrum was measured roughly over 
the 630-800 mu range by using filters. No measurable emission was found when films 
that had been illuminated at liquid nitrogen temperature were heated. 


The chloroplasts had an electrical conductivity that varied with temperature ; 
previously illuminated chloroplasts had minimal resistance at 60-70°C, whereas ones 
that had been cooled previously showed a resistance that fell monotonically as the 
temperature rose (Fig. 5). It was concluded that these effects were like those found 
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Fic. 4. Thermoluminescence of dry chloroplasts [48]. 


Fic. 5. Resistance-temperature curves for chlorophyll films. (A) after illumination ; 
(B) as the film cools to room temperature [48]. 


with crystalline semiconductors that have been excited by X-rays or by ultra-violet 
light, and that a semiconductor model for the chloroplasts could be used. Light quanta 


eject electrons into the conduction band, which electrons then fall into traps of various 
depths. These trapped electrons are freed by heat, and their stored energy is emitted 
as light. The Hall effect and the photoconductivity would have to be measured to 
settle the question. 


The preparations were similar to solid films of chlorophyll because the system 
is damaged and the protein is denatured by heating it to 140°C. It must therefore be 
established whether the effect is caused by some special state of the chlorophyll, or 
whether it is a normal one to be found with solid films of chlorophyll and of other 
pigments. It is also possible that the chlorophyll chemiluminesces when it reacts with 
the peroxides that the light has produced. 


3. THE LUMINESCENCE OF CHLOROPHYLL AND ENERGY MIGRATION [49, 50] 


Luminescence studies tell us how the energy that has been absorbed migrates. 
We do not yet know what structural features of the systems determine the energy 
coupling in various pigments. All organisms that photosynthesize contain carotins 
as well as chlorophyll; blue-green and red algae contain phycobilins (phycocyanin 
and phycoerythrin) as well. The light is absorbed by the pigments, especially by chloro- 
phylis a and b, by the carotins, and by the phycobilins. It was long ago found that 
chlorophyll a fluoresced in response to the light that other pigments absorbed (see 
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[49, 50] for reviews). The quantum yield of this fluorescence varied little throughout 
the visible spectrum, although the relative proportions absorbed by the chlorophyll 
and by other pigments varied very greatly with the wavelength. 


These results show that energy can migrate from the phycobilins, carotins and 
chlorophyll-b, to chlorophyll-a, which is the final acceptor and is the pigment which 
is directly responsible for the photoreactions. The energy migrates by a resonance 
mechanism, since the fluorescence spectrum of the energy donor overlaps the absorption 
spectrum of the acceptor. 

Bannister [51] has studied a case where the energy migrates from the aromatic 
aminoacids to the bilin chromophore within a phycocyanin molecule; Konev [52] 
has studied how energy migrates within the molecule of phycoerythrin from red algae. 
Vladimirov [53] has considered how energy migrates from one aminoacid to another. 


Energy migration between chlorophyll molecules 

The chlorophyll molecules in a chloroplast are very close together, energy migration 
is favoured. Gaffron and Wohl [54] were the first to suppose that energy could migrate 
between chlorophyll molecules; they imagined a “photosynthetic unit’? within which 
the energy of a light quantum could migrate between several thousand molecules and 
would then be used at some active centre. Arnold and Meek [55] found that, when 
polarized light was used to excite fluorescence from chlorophyll in chloroplasts, the 
emission was depolarized; they interpreted this as being caused by a rapid energy 
exchange between the chlorophyll molecules, probably between ones in singlet states. 

Konev’s work with our group has shown that the degree of depolarization is inde- 
pendent of the viscosity of the medium and of temperature with phycoerythrin ; energy 
can be exchanged rapidly between the erythrobilin chromophores. 

The mean life-time of the excited state in chlorophyll has been measured on solutions 
and on live plants in three laboratories [56-58]; the results were very much alike; 
in solutions the value for chlorophyll-a varies from 5 10% to 8—10° sec and depends 
on the solvent, whereas the value for live plants is only one third to one sixth as large. 
There are many possible causes for this difference; the pigment may be in different 
states, the migration conditions may differ, and only part of the chlorophyll may be 
in a state to fluoresce. Terenin and Ermolaev [59] discovered that energy can be 
transferred between molecules that are in triplet states ; this means that this mechanism 
must also be considered. In essence this migration is that of an unpaired electron, 
and so can be considered formally in terms of the semiconductor model. 


Terenin and Putseiko [60] have shown that polymeric forms of chlorophyll can 
photoconduct, and that energy can migrate from the adsorbed chlorophyll (phthalo- 
cyanin) to the adsorbent (a semiconductor) and can thereby cause a photoconductivity 
that is elicited by the light that chlorophyll absorbs. Vartanian [61] has detected 
photoconductivity in phthalocyanin films, and Franck [62] has assumed that it is 
possible for an excited (singlet) molecule of chlorophyll to transfer energy to a metastable 
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(triplet) one ; the energy of two light quanta is thereby stored. All these possibilities 
need to be checked by experiment. 


4. THE LUMINESCENCE OF CHLOROPHYLL AND THE ELEMENTARY 
PHOTOREACTIOCNS IN PHOTOSYNTHESIS 


The physical scheme that is given below for these elementary processes has been 
derived from the data above. An electron passes from the full band to the conduction 
band when the quasi-crystalline form of chlorophyll in chloroplasts absorbs light ; 
the electron may then fall into various traps (impurity levels), which have various 
depths. This unpaired electron is delocalized in the conduction band proper to many 
chlorophyll molecules ; this band may be made up of levels from chlorophyll-protein 
complexes. The e.p.r. spectra of plant and aiiimal tissue homogenates are interpreted 
in terms of migration within such a band [63, 64]. The electron is taken up by the 
systems that assist in reducing carbon dioxide, while the hole captures an electron 
from a water molecule, the final product from which is molecular oxygen. 

The above is a description in semiconductor terms of the elementary redox process 
in photosynthesis ; it resembles the electron models that are used to describe hetero- 
geneous catalysis, e.g. by semiconducting crystals. Commoner et al. [63] have found 
that illuminated chloroplasts give an e.p.r. spectrum ; further study of the finer struc- 
tures in such spectra would perhaps decide whether the unpaired electrons are de- 
localized or are attached to a definite molecular species. 

The semiconductor picture loses sight of the chemical aspects of the molecules ; 
we can draw up a chemical picture, in which the unpaired electron is located in succession 
in various pigment and enzyme molecules, and thereby takes part in the various stages 
of its transfer from water to carbon dioxide. The intermediate products are free radicals, 
which differ in reactivity (life span), and which are responsible for the various emissions 
that are found. The stages may be that a chlorophyll molecule passes via an excited 
singlet state to a triplet state by absorbing a photon; this is then followed by the 
molecule’s receiving an electron from a donor (cytochrome?) system, which is coupled 
to a water-oxidizing one; the electron passes through the chlorophyll to a set of enzyme 
systems and thence to pyridine nucleotides; these latter in their reduced forms take 
part in reducing carbon dioxide. The active oxidized and reduced forms that result 
may react back in ways that are coupled to oxidative (photosynthetic) phosphorylation, 
and may thus give rise to various emissions. 

We must take note here of the experimental data on how chlorophyll sensitizes 
photochemical electron transfers; the chlorophyll may be reversibly photoreduced 
(may take up an electron) to a radical ion [12, 65, 66], which in the dark passes on 
its electron to flavines or to pyridine nucleotides, which latter take part directly 
in transferring the electron (hydrogen) to the carbon dioxide reduction cycle. This 
transfer can occur along the surfaces or through the bodies of the chlorophyll and 
protein granules in chloroplasts; the elementary stages that are found in solutions 
may then be fused into one because the electronic configurations of the reacting 
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molecules are affected by the structure of the protein. However, the chlorophyll and 
its associated enzyme systems still determine the sequence in which the electron is 


transferred. 

The semiconductor picture, and the chemical one, are working hypotheses, to be 
used in subsequent research. They are not mutually exclusive, since they deal with 
different aspects of the matter. It is probable that the energy (electron) migrates between 
chlorophyll molecules in the granules, and that the stages that occur in the dark are 
chemical. Our future task is to mould these general schemes into specific biochemical 
forms, for which we need to know what the elementary steps and the unstable interme- 
diates are, i.e. what are the structural features of the system that ensure that the active 
products are separated, and what are the subsequent chemical processes. 

Translated by J. E.S. BRADLEY 
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THE FLUORESCENCE SPECTRA OF THE PHOTOREDUCED 
FORMS OF CHLOROPHYLL AND PHEOPHYTIN* 


V. F. GACHKOVSKII 


Bakh Institute of Biochemistry, Academy of Sciences of the U.S.S.R., Moscow 


(Received 5 November 1957) 


Tue fluorescence spectra of the photoreduced forms of chlorophyll and pheophytin? , 
and the absorption spectra of their so-called electrode-active forms, have been studied 
many times [1,2]. The absorption spectra of the photoreduced forms have been 
studied very little, though [6]. It is therefore of interest to have more complete spectral 
data for these forms, especially as photoreduced chlorophyll is very important to 
photosynthesis. We have therefore studied the fluorescence spectra of the secondary 
photoreduced forms of chlorophylis (a+) and a, of pheophytins (a+) and a, and 
of the primary photoreduced forms of pheophytins (a+) and a. 


METHODS 


We dissolved the chlorophyll and pheophytin in pyridine that contained ascorbic 
acid, and used methods similar to those we used earlier [1, 2,6]. The spectra of the 
photoreduced forms showed no changes at concentrations from 10°5 M to about 
310-5 M. We reduced the compounds by irradiating the solutions with the condensed 
visible light from a 500 W projector lamp, or with the unfiltered output from a PRK-2 
quartz-mercury arc. The results were the same, except that the rate of reduction was 
higher in the second case, as one would expect. 

We excited the fluorescence with the 366 my line of mercury, and photographed 


* Biofizika 4: No. 1, 19-26, 1959. 

+ The term “photoreduced forms” is used here since it is that which has become established [1]. 
We hold that the photoreactions in the pyridine-chlorophyll-ascorbic-acid system [1] and in similar 
systems [2,4] are in fact oxidations (to porphyrins), and not reductions. We have already pointed 
out [5] some absurdities that Krasnovskii’s [1,2], Terenin’s [3] and Evstigneev’s [4] interpretations 
of the products lead to. 
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the spectra on Paninfra plates (visible region), or on 1—N plates (Eastman Kodak ; 
near infra-red), with an ISP-51 spectrograph (camera 270, slit 0-1 mm). The exposures 
lasted from 5 sec to 6 min, because the solutions’ extinctions varied. We measured 
the blackening on the plates with a microphotometer* and calculated the results from 
the equal-energy curves for the plates.t 


Fic. 1. The Thunberg tube. (a) Fluorescence, (b) excitation, (c) screen. 


A modified Thunberg tube (Fig. 1) was used with a PS-44 (GOMZ) illuminator 
to excite the spectra. The tube was blackened, to eliminate reflections. The solutions 
were used at room temperature and at liquid nitrogen temperature. In the latter case 
the cooled solution was placed quickly in the PS-44; all the operations, including 
the recording, took no more than 7-10 sec. The exposure time was increased to 1 mint 
if long exposures were essential ; the solution was then put back in the liquid nitrogen, 
the exposure repeated, and so on for as often as was necessary. The cooled tube was 
as previously, prevented from frosting up [7]. 


RESULTS AND DISCUSSION 


The photoreduced (a+) forms of chlorophyll and pheophytin in all cases gave 
the same fluorescence spectra as did the photoreduced a forms, which result agrees 
with that for living systems [8], and with that for solutions in which chlorophyll is 
in molecular form [9]. The energy must be transferred from the ) form to the a, whether 
the forms are in cells or not, or are photoreduced or not; the same is true for 
pheophytin. 

* Figure 5 shows the main microphotometer traces. 

+ I am indebted to Iu. Sh. Moshkovskii of the Cinephotography Research Institute for measuring 


the equal-energy curves for these plates. 
t¥ The frozen solution could not heat up appreciably in this time. 
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The fluorescence curve had diffuse peaks (Fig. 2, /) if the chlorophyll solution 
contained not very much of the reduced form. The curve’s shape depended on the 
relative proportions of the two forms. Curve / cannot give a proper idea of the true 
curve for the photoreduced form, but the maximum for this form is more clearly seen 
as the degree of reduction increases; curve 2 represents the limit where little or no 
unchanged chlorophyll remains. There are then three peaks, which lie at 620, 651 and 
731 mu for the (a+) and a forms. 


energy 


units of 


Arbitrary 
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Fic. 2. Fluorescence spectra of the photoreduced forms of chlorophyll a. 
(J) and (2) at room temperature; (3) at liquid nitrogen temperature ; 
(4) fluorescence spectrum of chlorophyll-a. 


The effect is just the same with pheophytins (a+b) and a; there were three peaks, 
at 643, 664 and 733 mu (Fig. 3 (A, 2)). Here the primary (electrode-active) photoreduced 
form was obtained in pyridine solution at —40°C [10], and the photochemical stages 
could be distinguished from the stages that occur in the dark. We used solutions at 
— 60°C to make this primary form; we recorded their spectra within 10-30 sec. This 
form showed only two fluorescence maxima, at 662 and 733 muy. (Fig. 3, /). 


18 
1 
~ 
/ VOL. 
/ 
x \ 
> / 
\ 
x ~ \ 
/ R 
| 
O 
{ y 
ae 
4 
Lot 
Niel 


The fluorescence spectra of the photoreduced forms of chlorophyll and pheophytin 19 


The colour depended mainly on the ratio of the concentrations of the two com- 
ponents, though it has sometimes used to assay the various photoreduced forms 
[2,11]. The colour of a solution that contained the primary form of pheophytin 
depended very much on how much unchanged pheophytin (if any) there was; the 


Fic. 3. A: fluorescence spectra of the photoreduced forms of pheophytin-a. 
(1) Primary electrode-active, at liquid nitrogen temperature; (2) secondary, 
at room temperature ; (3) secondary, at liquid nitrogen temperature ; (4) fluo- 
rescence spectrum of pheophytin -a. 
B: densitometer traces: (/) fluorescence maximum of pheophytin -a at 
725 mu; (2) the same at the start of photoreduction. 
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shape of the fluorescence curve between 660 and 730 mu could be very variable ; 
only the pure electrode-active form gave clear peaks. The same must be true of the 
absorption spectra, since these should have structures that are like those of the 
fluorescence spectra. Some data [12] on eosin (photoreduced also by ascorbic acid) 
confirm this; the structures are clearly seen in the absorption spectra of the photo- 
reduced form of eosin. These structures were not detected in [2, 10, 13] for the above 
reason, and also because the Beckman DU spectrophotometer’s dispersion was 
inadequate. 


i 
6665 6965Ar 713 


Fic. 4. Densitometer traces of the fluorescence maximum of the 

photoreduced form of pheophytin at near 730 mu. (/) At room tem- 

perature; (2) at liquid nitrogen temperature (equal exposures with 
Eastman Kodak 1-N plates); m — scale divisions. 
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The infrared maxima (730 my region) of the photoreduced forms lie in the same 
region as do some smaller maxima in chlorophyll and pheophytin themselves (Figs. 2 
and 3). These latter peaks might be thought to belong to chlorophyll and pheophytin, 
and not to the photoreduced forms, but three facts contraindicate this. 

(1) These peaks at 730 my ought to vanish when chlorophyll and pheophytin are 
fully photoreduced, since the main fluorescence peaks will have vanished ; but intense 
maxima are in fact found in this region. 

(2) The peaks near 730 my. become more intense when solutions of the photoreduced 
(a+b) or a forms are cooled; they do not shift in position. The secondary photore- 
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Fic. 5. Densitometer traces of the fluorescence spectra of the photoreduced 

forms. (/) Primary form of pheophytin-a at liquid nitrogen temperature ; 

(2) secondary form at room temperature; (3) secondary form of chloro- 

phyll-a at liquid nitrogen temperature (Paninfra plates); (4) fluorescence 
of pheophytin-a (Eastman 1-N plates); m—~scale divisions. 
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duced forms have intensities that are doubled at liquid nitrogen temperature (Figs. 2, 
3, 4). The other fluorescence maxima are unchanged. The primary (electrode-active) 
forms show the same effect, but the pigments themselves, whether in pyridine or in 
pyridine that contains ascorbic acid, show no such effect. The peaks’ strengths and 
positions stay the same right down to liquid nitrogen temperature. Thus only the photo- 
reduced forms show this rise in their infrared fluorescence peaks as they are cooled. 
It was long ago found that an absorption band appears at 700-850 mu when chlorophyll 
is photoreduced [14]; the same effect has been found with solutions illuminated at 
— 170°C, for the 700—730 mu region. This absorption may be related to our fluorescence 
peak at 730 my, but further work is needed to confirm this. 


(3) The fluorescence spectrum in the 730 my region becomes very complicated 
if the photoreduction is incomplete (Fig. 3 (B)), especially if the two components have 
about equal intensities. Two somewhat different peaks are seen superimposed on the 
microphotometer trace, one at 725 my and the other at 733 my; the latter intensifies 
rapidly if the solution is cooled, but the former does not. 


Photoreduced chlorophyll in the dark returns to its original form only partly, even 
if air (oxygen) is not admitted; some of the reduced form remains. The chlorophyll 
goes completely if the photoreduction and recovery are repeated; this irreversible 
process is accompanied by another: chlorophyll is converted to pheophytin [16]. 
The final product is just photoreduced pheophytin, as can be seen from the fluorescence 
spectrum that results, which is exactly the same as that of photoreduced pheophytin 
(Fig. 3 A). 


SUMMARY 


(1) We have studied the fluorescence spectra of the photoreduced forms of chloro- 
phylls (a+b) and a, and of pheophytins (a+6) and a. The fluorescence spectra of 
pheophytins (a+-b) and a were found to be the same (at concentrations of 2x 10—5 M); 
so were those of photoreduced chlorophylls (a+b) and a, and of photoreduced 
pheophytins (a+) and a. We found that energy could be transferred in true solutions 
from pheophytin 5, from photoreduced chlorophyll 6, and from photoreduced 
pheophytin b, to pheophytin a, to photoreduced chlorophyll a, and to photoreduced 
pheophytin a, respectively. 

(2) The structures of the fluorescence spectra from the photoreduced forms have 
been established ; the primary photoreduced forms of pheophytins (a+) and a gave 
peaks at 662 and 733 mu, which peaks lie nearly at the same points as do the peaks 
in the long-wave region in the secondary forms (643, 644 and 733 mu). The secondary 
forms of chlorophylls (a+) and a had peaks at 620, 651 and 731 mu. 


(3) The peaks at about 730 my given by photoreduced pheophytins and chloro- 
phylls intensified rapidly when the solutions were cooled. These peaks behaved quite 
differently from all the others, which did not change appreciably with temperature. 


Translated by J. E.S. BRADLEY 
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Coacervates containing purine and pyrimidine compounds 
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COACERVATES CONTAINING PURINE AND PYRIMIDINE 
COMPOUNDS * 


T. N. Evremnova, N. V. KoroLev, and L. S. AGROSKIN 


Faculty of Soil Biology, Lomonosov State University, Moscow 


(Received 17 April 1958) 


SoME studies on coacervate drops containing RNA, DNA, and purine and pyrimidine 
derivatives are reported; the drops were studies by ultra-violet spectrophotometry. 
All the compounds absorb maximally at 250-280 my [1]; absorptiometry can therefore 
give their concentrations [2, 3] in coacervate drops, as in other biological preparations. 
RNA in coacervates was assayed in 1952 with an ultra-violet microscope [4] fitted 
with a photographic quartz spectrograph [5]. The resulting plates were microphoto- 
metered and the RNA contents calculated. The method is time-consuming and unsuit- 


* Biofizika 4: No. 1, 27-31, 1959. 
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able if many drops are to be used; a photoelectric cytospectrophotometer [8[ was 
therefore used to measure the optical densities directly in the present work. 


METHODS 


The bases, etc., used were adenine, hypoxanthine, guanine, adenosine, adenylic 
acid, cytosine, uracil, thymine, RNA and DNA. The yeast RNA and thymus DNA 
were assayed for phosphorus by Fiske and Subbarow’s method (Meshkova and Severin’s 
modification [6]). The RNA was of 90 per cent purity, the DNA 97 per cent; the 
simple compounds were supplied by the Merck Co. 

The substances were dissolved as appropriate in 0-67°/) gum arabic solution, 
in 0-1 N HCl, or in aqueous sodium acetate; 0-67°9/) solutions of gum arabic and 
gelatin were then added in the ratio of 5:3. The pH was brought to 3-8—4-1 with 
0-49/) acetic acid; the total volumes of the mixtures were 2-6-3 ml. Coacervate drops 
in equilibrium with the liquid formed on heating the mixtures to 40-43°C. Several 
mixtures of differing contents of base, RNA, etc., were made up in every 


case. 

A sample of each coacervate was examined in a | mm thick quartz cell under the 
ultra-violet microscope ; the partition of the material between drop and liquid could 
be estimated roughly. Korolev and Agroskin’s improved spectrophotometric attachment 
was used to get exact data. The light source was a hydrogen lamp; the rotation of 
the grating and the horizontal sweep on the oscilloscope were coupled. A 10 quartz 
objective (N.A. 0-2) viewed a field some 30 uw across in the specimen; the spectra in 


the 240-310 mu range were presented on the screen and photographed. The guanine, 
adenosine, adenylic acid, cytosine and uracil were distributed more or less equally 
between drop and medium, and were therefore of no further interest. The adenine, 
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Fic. 1. Oscilloscope traces from drops Fic. 2. Oscilloscope traces from drops 
with differing RNA contents (A and B) with differing DNA contents (A, B 
and from the surrounding liquid (C). and C). 
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hypoxanthine, thymine and (particularly) RNA and DNA entered the drops preferen- 
tially. 

Figures 1 and 2 show oscillograms for RNA and DNA coacervates ; Fig. 3 shows 
the absorption curves deduced from Figs. 1 and 2. Coacervates in which all the RNA 
and DNA concentrated in the drops were obtained. The drops were examined to see 
if the absorption maxima of RNA and DNA were displaced from the positions found 
in their solutions at pH 3-8-4-1; the spectra of 0-019/) solutions in acetate buffer were 
found the same as for the drops; there were no appreciable shifts in the maxima. 


(2) 
D| 


A, 


Fic. 3. Absorption curves of (a) adenine, (6) hypoxanthine and (c) 
thymine. (/) Coacervate drops, (2) surrounding liquid. 4 = wavelength, 
D = optical density (arbitrary units). 


The RNA and DNA contents of the drops were measured in terms of the optical 
densities at 265 mu; the light source in this case was a high-intensity SVD-120 A 
mercury lamp, so the field size could be reduced to 10 u. The optical densities of the 
drops and of their surrounding media were read directly from the scale on the reflecting 
galvanometer. The concentrations and total contents of RNA and DNA in the spherical 
drops were calculated from the formulae 


C=D/Kd (1) 
P=427° C/3 (2) 


where C is concentration mg per cent, D is optical density, r is drop radius, d is the 
drop diameter, K is absorption coefficient and P is weight in grammes. The K for 
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265 mu were measured on RNA and DNA solutions of known concentrations at 
pH 3-8-4-1 with an SF-4 spectrophotometer. The RNA and DNA contents were 


TABLE 1. RNA COACERVATES 


__ Drop parameters 


Diameter Optical Concentration Volume Weight concentration 
(cm 104) density D (mg °/o) (cm3 x 109) | (g x 1011) in coacervate 


No RNA in medium 


37-62 431 27-88 
38-28 303 29-37 
42-90 373 41-35 
56-10 314 96-99 


17-16 862 2-64 
23-76 820 7-02 
24-42 720 7-62 
47-90 523 41-35 
49-50 661 63-52 42-0 
58-08 523 102-61 53-6 


Medium 


mg 9/9 RNA in medium 
21-12 928 4-93 4-6 
33-0 834 18-22 15-1 
38-94 739 30-94 22°8 
51-48 721 71-45 51°5 
54-12 569 83-02 47-2 
56°10 721 92-47 
72-60 1- 687 200-42 137:7 
80-52 1: 570 273-42 155-8 
84-48 705 315-78 222°6 
161-70 1: 320 2214-39 708-6 


Note. In all over sixty drops were studied; not all the data are given. 


studied on coacervates with various concentrations; at high RNA and DNA con- 
centrations some material remained in the medium. Tables | and 2 give the results ; 
the data show that: 

(1) The larger the volume of the drop the lower the RNA or DNA concentration ; 
the differences between large and small drops were very marked. A drop of volume 
4:93 » 10-9 cm3 had an RNA concentration of 928 mg per cent, and one of 2214-39 x 

< 10-9 cm$ volume had a concentration of 320 mg per cent, although the second drop 
had some 154 times as much RNA as the first. The results were similar with all the 
coacervates, but the effects were most clearly seen in the drops in a single sample. 
The small drops are denser than the large ones; the large ones may not be able to 
exist at high RNA and DNA concentrations, because the surface tension is too small 
to counteract the tendency of gravitational forces to break up the drops. Small drops 


| 
| 12-0 
| 
8-9 
| Low 
15-4 
| 30-4 
VOL. 
| 
| 1060 
| 
| 
| 
| High | 
| 
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Coacervates containing purine and pyrimidine compounds 


TABLE 2. DNA COACERVATES 


Drop Parameters 


Diameter Optical Concentration Volume | Weight concentration 
(cm x 10") density D (mg (cm* x 10° | (g 10'') coacervate 


NO DNA in medium 
0°10 427 
0:07 239 
0°17 323 
0°29 354 
0°24 273 


026 | 1270 
028 | 1127 
055 | 1612 Medium 
070 1596 
085 | 1246 


25°3 mg 9/9 DNA in medium 
0°47 2961 
0°36 1477 
0°50 1659 
0°90 1395 
0°78 1379 


128 mg 9/9 DNA in medium 
0°90 3077 4:06 
1:10 


1°25 High 


| 

| 

| | 

| 

1°95 | | 


are stable even at high RNA and DNA concentrations because the surface tension 
overcomes the gravitational disruption. Other interpretations are not ruled out, of 
course. 

(2) DNA gave higher concentrations in the drops before it appeared in the liquid 
than did RNA. The difference may possibly occur because DNA contains thymine 
and RNA uracil. 

(3) Some of the drops contained the same amounts of DNA and RNA as are 
found in cells [3, 7]. 

SUMMARY 


(1) Coacervates were made at pH 3-8-4-1 and contained gum arabic, gelatin, 
purine of pyrimidine bases, or DNA or RNA. 

(2) Guanine, adenosine, adenylic acid, cytosine and uracil were evenly distributed 
in the coacervates; hypoxanthine, thymine, adenenine and (particularly) RNA and 
DNA entered, the drops preferentially. 
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(3) The larger the drop the lower the nucleic acid concentration in it; DNA gave 
higher concentrations than RNA. The larger drops contained more total nucleic 
acid than did the smaller. 

We wish to thank Academician A. I. Oparin for his careful and constant guidance 
in this work, and Professor E. M. Brumberg for permission to work in his laboratory 
with M. P. Bukhman. 


Translated by J. E.S. BRADLEY 
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VARIATION in the electrical conductivity of a protein solution caused by change in the 
properties of an added substance is above all due either to new formation of ions or 
to a decrease in their activity coefficient. New formation of ions is observed, for 
example, in the interaction of glucose with a protein or in the preferential combining 
of one of the ions of an added electrolyte. In the latter case there will be a change 
in the protein titration curves and a shift in the isoelectric point. As a result the hydrogen 
ion concentration will be either decreased (preferential combining of anions) or 
increased (preferential combining of cations) [1]. Since hydrogen and hydroxyl ions 
are the most mobile this may cause a significant change in the electrical conductivity 
of the protein solution. 

Decrease in the activity coefficient of ions on combining them with the protein 
molecule was demonstrated long ago. It is known that the electrical conductivity of 
t Biofizika 4: No. 1, 32-39, 1959. 
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salts in protein solutions falls appreciably [2-4]. The change in the activity of ions 
(with the exception of hydrogen and chloride ions) in the presence of proteins cannot 
however, be calculated owing to the impossibility of finding an electrode giving a reverse 
reaction with the ion [5, 6]. 

When proteins react both with electrolytes and non-electrolytes changes in the 
electro-chemical properties of the protein molecules themselves are evident [7, 8]. 
Change in the electrical conductivity of a protein solution must be the result of change 
in the following factors: electrophoretic mobility of the particles, dielectric constant 
of the medium and the viscosity of the solution. 

The method of electrical conductivity has still not been extensively applied in 
studying the reactive ability of proteins despite the extreme accuracy of the measur- 
ements. The reason lies in the difficulty of determining the degree of change in the 
individual parameters, the summation of which gives electrical conductivity. We 
sought by means of a few examples to demonstrate the possibility of interpreting 
the data obtained in measurement of electrical conductivity with simultaneous consid- 
eration of the parameters constituting electrical conductivity. 

We studied the change in specific electrical conductivity on interaction of a 1-59/p 
solution of the albumin fraction of egg white with glucose, adenosine triphosphate 
and lecithin. In all the experiments, the changes in the dielectric constant, viscosity, 
pH of the protein solution, and the electrophoretic mobility of the particles were 
measured at the same time as change in specific electrical conductivity. In addition, 
in a number of experiments, changes in the ultra-violet absorption spectrum and the 
electrometric titration curve were investigated. 

The investigation was mapped out by Prof. P. A. Kometiani and was carried out 
under his direction. 
METHODS 


The albumin fraction of egg protein was obtained from fresh eggs by precipitation 
with a saturated solution of ammonium sulphate after removal of the globulins. The 
electrolytes were removed by low temperature dialysis followed by electro-dialysis. 


The lecithin preparation was extracted from dried egg yolk by a 3 : 1 alcohol-ether 
mixture. Impurities were removed by treatment with acetone. Adenosine triphosphate 
was prepared by the recipe of Meshkova and Severin [9]. The specific electrical 
conductivity was measured at 25°C in an Arrhenius—Ostwald vessel by an a.c. bridge. 
Measurements were taken at frequencies of 1000 and 50 c/s. Viscosity was determined 
by a viscometer of the Ostwald type at 25°C. The hydrogen electrode was used to 
determine the hydrogen ion concentration. Paper electrophoresis was carried out 
with a modification proposed by Bavina and Kritsman [10] at +1° with a veronal 
buffer of ionic strength 0-1 ~ and pH 8-6. The electrophoretic curve was derived from 
photometry of the eluate from equal portions of stained bromophenol blue paper. 
The ultra-violet absorption spectrum was determined by a SF-4 spectrophotometer. 
The dielectric constant of the protein solution was measured with an a.c. bridge at 
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a frequency of 500 kc/s. In our experimental conditions the dielectric constant had 
to be determined in a medium with ionic electrical conductivity and the normal methods 
of measurement were thus excluded. We assembled an apparatus based on the method 
of Elliot and Williams [11]. A valve generator was inserted in one diagonal of the 
bridge and a US type receiver as indicator of the balance of the bridge in the other, 
with an a.c. voltmeter at the output. By comparison with the known dielectric constants 
of empirical solutions the dielectric constant of the test solution was estimated. The 
specific resistance of the test solution was not less than 106 Q. 


RESULTS AND THEIR INTERPRETATION 


Interaction of ovalbumin with glucose 

From the literature it is known that glucose interacts chemically with free amino 
groups not only of amino acids [12] but also of proteins [13, 14]. Interaction of an 
amino acid with glucose results in formation of hydrogen ions, the number of which 
may serve as a measure of the reaction [15, 16]. 

In our experiments 2-5 g several times recrystallized glucose was added to 25 ml 
of a 1-5°/p solution of egg protein and it was found that on standing for 2 hr acidification 
of the mixture occurred. At the same time an appreciable increase in the specific 
electrical conductivity was observed (Table 1). 


TABLE |. CHANGE IN SPECIFIC ELECTRICAL CONDUCTIVITY, PH, VISCOSITY AND DIELECTRIC 
INCXEMENT ON INTERACTION BETWEEN EGG ALBUMIN AND GLUCOSE 


Specific 
electrical | | 
conduct- | Viscosity | Dielectric | Dielectric 
Solution ivity pH (s) Solution | constant | increment* 
10° 
21cm"! 
Protein 3-5 4-74 34 Protein 7-5/9 99-5 0-29 
Glucose 10°/ 2:2 5-21 37 Glucose 78-5 0 
Protein 1-59/o Protein 7-59/o + 
glucose 10°/ 9-7 | 4-70 41 glucose 20°/y 89-6 0-15 


* Dielectric increment fell. 


As a result of the interaction of egg protein and glucose the viscosity of the mixture 
rose, as compared with that of the protein solution, and the dielectric increment fell. 
Since the magnitude of specific electrical conductivity is inversely related to viscosity, 
the increase in viscosity in our tests must have contributed to a decrease in the specific 
electrical conductivity. The fall in the dielectric increment must also have lowered 
the specific electrical conductivity of the protein-glucose mixture. 

Suggestive of a reduction in the number of free charges in the ovalbumin molecule 
is the fact that the electrophoretic mobility of the egg albumin decreased after inter- 
action with glucose as is clear from the electrophoretogram in Fig. 1. 
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Fic. 1. Electrophoretogram of albumin fraction of egg white before 
and after interaction with glucose. Veronal buffer pH 8-6; ionic 
strength 0-1; duration 16 hr. (1) pure protein solution; (2) protein 
solution after addition of glucose. A, and A,: ovalbumins. O: ova- 
mucoid. C: conalbumin; G, : globulin. 


As is known, the major constituent of the albumin fraction of egg white is 
ovalbumin which possesses high electrophoretic mobility at pH 8-1 as compared with 
conalbumin [17,18]. After addition of glucose to the egg albumin solution, it is 
precisely the ovalbumin which starts to lag behind appreciably in the electric field. 
Hence, the glucose causes changes in the protein molecule as a result of which each 
of the three basic parameters (viscosity, electrophoretic mobility and dielectric constant) 
must contribute to a reduction of the specific electrical conductivity. Since, however, 
we still observe an increase in the specific electrical conductivity, this must be due 
to liberation of hydrogen ions as a result of a reaction between the aldehyde group 
of the sugar and a free amino group of the protein. 

In order to clarify the role of cyclical structural units in the interaction between 
protein and glucose, the ultra-violet absorption spectrum of the albumin solution 
was studied before and after addition of glucose at pH 4-7 and 8-6 (borate buffer). 
The maximum absorption of the protein solution did not alter but the intensity of 
absorption increased. This fact points to the absence of an interaction between glucose 
and the cyclical structural units of the protein. 

That it is precisely the aldehyde group of glucose which is responsible for the 
increase in the specific electrical conductivity of the egg albumin solution is shown 
by the fact that when sucrose was substituted for glucose there was no increase in the 
specific electrical conductivity nor a fall in pH, dielectric increment or electrophoretic 
mobility of the protein molecule. 

A number of experiments were carried out on solutions of denaturated proteins, 
Denaturation was produced by heating the protein solutions at 60°C for 15 min. 
In this case the rise in specific electrical conductivity was more clearly expressed. 
This was all the more noteworthy since at the same time a sharp increase in viscosity 


was observed. 
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Interaction of egg albumin with adenosine triphosphate (ATP) 

It is known that proteins react with polynucleic acids and nucleotides, both those 
readily dissociating (salt type) [19] and those with more rigid chemical bonds [20-22]. 
The protein binds the nucleotide both through the phosphate radical [19] and through 
the amino or carboxylic group of the purine base [21]. 


TABLE 2. CHANGE IN SPECIFIC ELECTRICAL CONDUCTIVITY, PH, VISCOSITY AND DIELECTRIC 
INCREMENT CONSTANT OF PROTEIN SOLUTION AFTER ADDITION OF ATP (MEAN VALUES OF FOUR TESTS) 


Specific | | 


electrical 
conducti- H Viscosity | : | Dielectric Dielectric 
Solution 
vity (s) | ; constant increment 
10° 
Q-1 cm"! 


Solution 


Protein 1-5°% 10-0 | Protein 

ATP 1 mM 545-4 ATP 0:2 mM 
Protein + ATP Protein 7-59/o 

(1 mM ATP in + ATP 0-2 mM 
1-59/9 protein 
solution) 


In order to clarify the nature of the interaction between egg albumin and ATP, 
we took a 1°5°/9 dialysed protein solution and added ATP in the form of its potassium 
salt at an end concentration of | mM. Table 2 shows the results of determination 
of the specific electrical conductivity, pH, viscosity and change in the dielectric 
constant of the protein solution before and after addition of ATP. 

The findings show that the specific electrical conductivity of the protein solution 
after addition of ATP was less than the sum of the specific electrical conductivity 
of pure solutions of protein and ATP. At the same time a reduction in hydrogen ion 
concentration was observed. After interaction of the protein with ATP the viscosity 
of the solution as compared with that of the pure protein solution was virtually 
unchanged. Therefore the viscosity factor in this case can be excluded. On the other 
hand, as a result of the interaction of protein and ATP, an increase in the dielectric 
constant of the solution was observed. The increase in the dielectric constant must 
have contributed to a rise in specific electrical conductivity. But, as stated above, 
there was a decrease in the specific electrical conductivity. This cannot have been 
due to a fall in the total number of charges of the ionic groupings of the protein molecule. 
Electrophoretograms of the protein solution both before and after addition of ATP 
are reproduced in Fig. 2 and show that the mobility of the egg protein increased in 
the presence of ATP. This increase was essentially due to change in the mobility of 
the ovalbumin fraction. 
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Fic. 2. Electrophoretogram of solution of albumin fraction of egg 

white before and after reaction with ATP. Veronal buffer pH 8-6; 

ionic strength 0-1; duration 16 hr. (1) pure protein solution; (2) 

protein solution after interaction with ATP. A, and A, : ovalbu- 
mins. O: ovamucoid. C: conalbumin. G, : globulin. 


The greater mobility of the protein molecule in the electric field points to an 
increase in the number of charges which must have contributed to increase in the 
specific electrical conductivity and so, too, would have counteracted the change 
recorded in the specific electrical conductivity. The lower specific electrical conductivity 
noted here may have been caused both by decrease in the hydrogen ion concentration 
after interaction of protein and ATP and by the influence of the protein on the mobility 
of the potassium ions and ATP. This could produce such a powerful effect that as 
a result the specific electrical conductivity could be lowered. It must be assumed 
that the partial disappearance of hydrogen ions after the interaction of protein and 


1 3s 
250 270 290 310 Am ps 


Fic. 3. Ultra-violet absorption spectra of albumin fraction of egg 

white ATP, and egg albumin + ATP. (1) 0°15°9/o protein solution; 

(2) 0:05 mM ATP solution; (3) 0159/9 protein solution in 0-05 mM 

ATP solution; (4) In (J,/I) 0-15/o protein solution + In (J,/I) 0-05 
mM ATP solution. 
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ATP is the result of formation of a salt-like linkage. Investigation of the ultra-violet 
absorption spectrum leads one to presume the presence of another type of bond. 

From an analysis of the curves in Fig. 3 it is clear that after addition of ATP to 
the protein solution there is a shift in the absorption maximum to a longer wavelength 
and the intensity of absorption falls. The change in the absorption spectrum is not 
the consequence of a simple summation of the absorption maxima of ATP and protein 
solutions. If this were the case the maximum ought to have been 267-5 mu. In fact, 
it was 272-5 mu, i.e. a displacement of 5 mu. The shift in the absorption maximum 
may suggest participation in the reaction of the purine base of ATP or of the cyclic 
amino acids (tyrosine, phenylalanine, tryptophane, histidine) of the protein. Since, 
simultaneously with the shift in the maximum there was observed a decrease in the 
intensity of absorption, one is justified in assuming the presence not merely of 
adsorption but of a true chemical reaction [23]. 


Interaction of egg albumin with lecithin 

Proteins react with phospholipids both through ionic groups [23] and polar and 
non-polar groupings [24]. Whereas sterols, sterids, and fats, because of the absence 
of ionic groupings, combine with proteins essentially through the non-polar groupings 
and van der Waal forces [25], phospholipids contain in addition to these groupings 
positively charged radicals of nitrogenous bases and negatively charged phosphate 
radicals. Electrovalent bonds in lipoproteins may be so strong that a chemical reagent 
is necessary to break them. 

In experiments to study the character of the interaction between egg albumin and 
lecithin we used a protein solution and lecithin emulsion with a protein—lecithin ration 
of 4:1. The end concentration of the protein in the solution was 1-5°/p. In Table 3 


TABLE 3. CHANGE IN SPECIFIC ELECTRICAL CONDUCTIVITY, PH, VISCOSITY AND DIELECTRIC CONSTANT 


AFTER ADDITION OF LECITHIN TO EGG ALBUMIN SOLUTION 


Specific 

electrical 
ans conducti- Viscosity | ; Dielectric | Dielectric 
Solution pH Solution 


vity (s) constant increment 
10° 


6 | 478 | 36 Protein 9955 | 0-29 


Protein 4: 
Lecithin 0-5 463 | 35 Lecithin 1-9°/9 142-9 | 3-4 
7: 4:77 40-5 Protein lecithin 116-2 0-4 


Protein lecithin 


the mean values are given of the changes in specific electrical conductivity, pH, viscosity, 
and dielectric constant after addition of the lecithin emulsion to the egg albumin 
solution. 

The data in Table 3 show that as a result of the interaction the specific electrical 
conductivity of the protein-lecithin mixture rose. The viscosity also increased, but 
the pH remained practically the same. A striking fact is that lecithin has a very high 
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dielectric increment. The increment was eleven times that of the protein. As a result 
of the interaction, the dielectric constant of lecithin fell but still remained high compared 
with that of the pure protein solution. 

The increase in dielectric constant of the egg albumin solution on addition of 
lecithin produced a rise in specific electrical conductivity. This positive effect offset 
the fall in specific electrical conductivity due both to the increase in viscosity and 
to the fall in the electrophoretic mobility of the protein molecules after addition of 
lecithin. Study of the electrophoretic mobility of egg albumin before and after 
interaction with lecithin showed that lecithin considerably reduced the mobility of 
the protein in the electric field (Fig. 4). Under the influence of lecithin particularly 
marked variations were observed in the ovalbumin and conalbumin fractions. 


pH 

Fig. 5 
Fic. 4. Electrophoretograms of solution of albumin fraction of egg white before and after interaction 
with lecithin. Veronal buffer pH 8-6; ionic strength 0-1; duration 16 hr. (1) egg albumin; 
(2) egg albumin after interaction with lecithin. A, : ovalbumin. C: conalbumin. O: ovamucoid 


Fic. 5. Electrometric titration curves of albumin fraction of egg white before and after interaction 
with lecithin. 


Since variations in electrophoretic mobility are due to disturbances in the number 
and distribution of charges in the protein molecule, it might have been expected that 
this would also manifest itself in a buffer capacity of the protein solution. To examine 
this problem electrometric titration experiments were carried out. The results of one 
of these experiments on electrometric titration of egg albumin before and after addition 
of lecithin are given in Fig. 5. It was found that addition of lecithin caused a change 
in the course of the protein titration curve in the alkaline region. 
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Comparison of the electrometric titration curves gives grounds for concluding 
that at pH 6 and higher there was a rise in the buffer capacity of the solution after 
addition of lecithin, i.e. the number of positively charged groupings in the protein 
molecule was reduced. 

Heat denaturation of egg albumin did not affect the character of the interaction 
with lecithin. It must be presumed that those changes which occur in egg albumin 
on heat denaturation (uncoiling of the molecule, decrease in the number of hydrogen 
bonds) occur also when lecithin acts on native proteins. Therefore preliminary dena- 
turation cannot exert a positive influence on the effectiveness of the action of lecithin 
as was the case with glucose and ATP. 


CONCLUSIONS 

We sought to ascertain whether it was possible to use the method of electrical 
conductivity for study of the interactions of proteins and other compounds. Together 
with measurement of the specific electrical conductivity, we determined the viscosity, 
electrophoretic mobility, dielectric increment, pH, ultra-violet absorption spectrum, 
and change in the electrometric titration curve of the protein solution. The investiga- 
tions were conducted on the albumin fraction of egg white. The reactions of the protein 
with glucose, adenosine triphosphate (ATP) and lecithin were studied. 


It was found that the increase in specific electrical conductivity on interaction 
of egg albumin and glucose was essentially due to release of hydrogen ions as a result 
of reaction between the free amino groups of the protein and the aldehyde group of 
glucose. At the same time we observed a decrease in the dielectric increment and 
also in the electrophoretic mobility. The findings on the change in the dielectric 
increment point to a reduction in the dipole moment of the molecule. 


In the interaction of adenosine triphosphate and egg albumin we observed a fall 
in the specific electrical conductivity, a reduction in the hydrogen ion concentration 
and an increase in the dielectric increment and electrophoretic mobility of the protein 
particles. There is a shift in the maximum of the ultraviolet absorption spectrum 
towards the longer wavelengths and a fall in the absorption intensity. A comparison 
of the changes in the values of these parameters entitles one to assume the presence 
not merely of adsorption linkages but also of chemical bonds between the egg protein 
and nucleotides. 

In the interaction of egg protein and lecithin the sharpest changes were observed 
in the electric field. The steep fall in the electrophoretic mobility of the protein molecules 
was accompanied by increase in the dielectric increment. At the same time there was 
an increase in buffer capacity at pH > 6. Study of our measurements justifies the 
conclusion that as a result of the reaction with lecithin there was an increase in the 
dipolar phase of the protein molecule and a fall in the number of positive charges 
which was apparently the cause of the lower electrophoretic mobility. 


Translated by A. CRrozy 
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OF THRESHOLD ELECTRICAL STIMULATIONS 
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It has long been known that when the duration of electrical stimulation is shortened 
it is necessary to increase the strength in order to obtain excitation. According to 
the view generally accepted, this relation between threshold strength and duration 
is of a dynamic nature. It is similar to the numerous relations in physics and chemistry 
which are observed when the duration of the influence is less than the time of the 
“transitional process’’ of the system. Thus, the most common explanation of the 
relationship between threshold strength and the duration of stimulation is that the 
primary change in the cell is brought about with an end velocity which depends on 
the strength of the stimulation. The greater the strength the sooner the formation 
of the threshold value of the primary change and consequently the shorter may be 
the time of action. In addition, it is necessary to recognize that the primary effect 
of stimulation may be altered as a result of the emergence of secondary processes. 


The strength-duration curve equation is determined by the mathematical rela- 
tionship between the velocity of the primary process and the strength of the stimulation, 
and by the mathematical law relating the effectiveness of the stimulation to the 
accumulation of primary change in the cell. Analysis of the strength-duration curve 
enables one to obtain a mathematical description of these elementary processes in 
the form of a differential equation. Knowledge of this equation allows one to restrict 
the number of physico-chemical phenomena which may lie at the basis of the stimula- 
tion. Hence, study of the strength-duration curve is a method of investigating the 
mechanism of electrical stimulation. 

The generalized, empirical strength-duration curve equation has the form 
i=(a/t")+b [1]. Despite the fact that there is a long history of study of strength- 
duration curves, there has to date been no unanimity of opinion on the value of the 
In the empirical strength-duration curve equation of 


constant 7 in this equation. 


* Biofizika 4: No. 1, 40-47, 1959. 
+ We denote as primary a change which occurs during passage of a current and which disappears 
on cessation of the stimulus. Secondary processes may develop even after cessation of the stimulus. 
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Hoorweg and Weiss [2-4] and the exponential equations for the strength-duration 
curve [5-7] this constant equals unity. In the canonic equation of Lapicque [8] n has 
the value 0-5. Yet for the theory of electrical stimulation it is fundamental that it be 
known whether the constant n has a fixed value or may vary. The assumption of 
Nernst [9,10] on the decisive role of diffusion kinetics in the stimulation process 
requires that the constant m equal 0-5.* On the other hand, the constancy of the threshold 
quantity of electricity in stimulations of short durations (n equal to unity) is considered 
as proof of the correctness of the so-called condenser theory of stimulation [15, 16]. 
According to this theory the electrochemical polarization necessary for the production 
of excitation is not subject to the Nernst laws of diffusion kinetics and proceeds like 
the charge of a condenser. Attempts to evolve a differential equation of stimulation 
which would admit of different values for the constant n were made by Blair [5, 17]. 
However, the arguments put forward by Blair have been the subject of serious criticism 
[18] and have not been widely adopted. 

The reason for the divergence of opinion on the possible values of constant n lies 
in part in the following. In practice this constant is found as the tangent of the angle 
of slope of the straight part of the graph of the strength—-duration curve plotted loga- 
rithmically. Consequently, it may be accurately determined graphically only in that 
field of durations in which the strength-duration curve can with a sufficient degree 
of accuracy be described by the equation i=a/t", i.e. when a/t"> b. With a 5 per 
cent limit of error in measurement of the threshold strength, it is necessary in determining 
the constant n to plot the strength-duration curve in the region of i > 20 5 or t<. 0-05 
of the chronaxie (with n close to unity). Despite the fact that the literature devoted 
to strength-duration curves is very extensive there are few papers in which the 
strength-duration curve has been determined in a sufficiently wide range of durations 
to define the constant n. This prompted us to undertake the present work to determine 
the strength—duration curve in a wide range of durations in order to clarify the problem 
of the possible values of the constant n. 

In the works of Nasonov and co-workers [1, 19-24] it was noted that the magnitude 
of the constant did not fundamentally alter with change in the functional state of 
the nerves and muscles of a frog: it was also noted that the values determined for n 
were apparently peculiar to each test object. This means that the greatest deviations 
of n from unity had to be sought in the strength—-duration curves obtained with dif- 
ferent test objects. As Lapicque [25] pointed out, the muscles of invertebrates possess 
the advantage that the strength-duration curve in these objects is to be found in the 
field of comparatively long durations. Therefore, in order to obtain a. strength— 
duration curve over a sufficiently wide range there is no need to employ microsecond 
electrical impulses “dangerous’’ from the methodological standpoint. These were 
the considerations governing our choice of test objects. 


* Such is the case in published theoretical equations of the strength—-duration curve derived from 
Nernst’s hypothesis [11-14]. 
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EXPERIMENTAL 


The work on the study of strength-duration curves with use of muscle tissue 
of various invertebrates was carried out in the Barents Sea during July, August and 
September 1955. The test objects were: an isolated contractile ring of the jellyfish 
Cyanea arctica, the pharyngeal retractor of the worm Priapulus caudatus, the skin- 
muscle sac of the sand worm Arenicola marina, a representative of the primitively 
organized non-intestinal worms Convoluta convoluta, a tetanic fascicle of the muscle 
obturator of the pelecypod scallop Pecten islandicus, the medial dorsal retractor of 
the odontophore of the gastropod Buccinum undatum and the pharyngeal retractor 
of the holothuria Cucumaria cucumaria. 

The test muscles were stimulated by discharges from a condenser of varying 
capacity — from 260 uF to 0-0024 uF - with a shunt of | k® for stabilization of the 
discharge time. For stimulation of Convoluta a 100 © shunt was used. The range 
of durations (more precisely, the time constants) thus extended from RC=0-26 s to 
RC=2°4 msec. 

The minimum perceptible contraction of the muscle was taken as the criterion 
of the threshold stimulation. The thin (1-5-3 mm) and short (1-2 cm) retractors of 
Priapulus, Buccinum and Pecten were placed for stimulation in a wide test-tube half 
filled with sea water. A silver hook served as one of the electrodes on which was freely 
suspended the retractor so that the lower part of it was immersed in water into which 
dipped the second electrode. The length of the stimulated segment usual for Buccinum 
was 5-6 mm, Priapulus 6-8 mm and Pecten 10 mm. Observations on the contraction, 
which in these test objects was in the form of a swift, strong tremor, were made with 
binocular magnifiers. The same arrangement was used in stimulation of the individual 
stria isolated from the contractile ring of the jellyfish, the only difference being that 
a light weight was attached to the stria. The length of the stimulated segment in this 
case was 9-10 mm. The time intervals between test stimulations were usually 30-60 s. 

The large (up to 80 mm in length) tenioid, pharyngeal retractors of the sea cucumber 
were stimulated in a small bath containing liquid paraffin which prevented dessication 
of the muscle. The silver electrodes were applied to the retractor tangentially and 
were separated by a distance of 10-12 mm. To record the slow, tonus-like contractions 
of this muscle a myograph was used, sometimes specially weighted because even with 
5 min intervals between stimulations the muscle did not always return to its original 
length if the load were small. A number of strength-duration curves were obtained 
for retractors kept in the sea for a long time—up to 5 days. The character of the con- 
traction and the form of the strength-duration curve for such muscles did not appre- 
ciably change. 

The contractile stria from the skin—-muscle sac of the sand worm was attached 
for stimulation to silver electrodes through which the condenser was discharged. 
The contractions were observed by the naked eye. 

The small (1-2 mm) and motile Convoluta were stimulated directly in a Petri dish 
containing sea water in which they swam freely. For this purpose two silver electrodes 
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were dipped in the water to a depth of 8-9 mm and were separated by a distance of 
10 mm so that the worm could pass between them. At the moment when the worm 
was between them an electrical impulse was applied. The rapid and strong contraction 
of the whole body at the current threshold value was clearly observed under a binocular 
microscope. The orientation of the animal in relation to the cathode did not influence 
the result of stimulation in our experiments. We did not repeat the stimulation on 
the same worm and each selected strength of current was tested on five specimens 
taken at random. We considered as the threshold strength that strength producing 
contractions in four of the five specimens. The tests with all the objects enumerated 
were carried out at a temperature of 10-12° (temperature of sea water 8—9°). 
Since the thresholds of stimulation of almost all the muscles investigated by us 
varied quite strongly, we rarely succeeded in obtaining coincident points on repeat 
determination of the curve in a single experiment; this is not surprising considering 
the time to determine one curve. It is, therefore, difficult to judge the variations in the 
form of the individual curves for the same test object without making subjective errors. 
Our conclusions are based on analysis of the mean findings calculated from the results 
of several experiments. 
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Fic. 1. Logarithmic strength—duration curves. 
A. Priapulus; B. Cucumaria; C. Pecten; D. Convoluta. Mean 
results of 10—15 experiment. 


In Figure 1 are given as examples the mean logarithmic strength-duration curves 
obtained by us for Priapulus (A), Cucumaria (B), Pecten (C) and Convoluta (D). As is 
clear from Fig. | the straight part of all four strength-duration curves is inclined to 
the abscissa at an angle of less than 45°. This applied to all the other invertebrates 
investigated by us. In the table the values of constant n computed by the method of 
least squares are given for all our test objects. 
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The strength-duration curve was also determined for the rabbit ureter. This 
object. as is known, was among the first for which the relations between the threshold 
strength of an electric current and the duration of stimulation were discovered. The 
strength-duration curve for the ureter found by Engelmann in 1870 [26] sharply 
differed from all the strength-duration curves subsequently obtained for other objects 
in the steeper rise in the threshold with a reduction in the duration. Some workers [8] 
attribute the anomaly of the strength-duration curve obtained by Engelmann to the 
inadequacies in the technique of measuring the duration of stimulation. However, 
the strength—duration curve obtained for the ureter at a much later date by Bozler [27] 
who stimulated by discharges from a condenser of varying capacity also has an an- 
omalous character. Unfortunately, this investigator determined the strength-duration 
curve for a small range of durations. Therefore, it was interesting and necessary to 
investigate the strength—duration curve for the rabbit ureter in greater detail. 

The ureters of rabbits (adult males, females and in certain cases two-month old 
rabbits) dissected in acute experiments were placed for stimulation in a chamber 
through which liquid paraffin heated to 38-39°C was continuously passed. Silver 


TABLE 1. CONSTANT #1 OF STRENGTH—DURATION CURVES FOR VARIOUS OBJECTS 


Object | Author 


Convoluta convoluta, in toto Present work 
Tetanic fascicle obturator Pecten islandicus , | Present work 
Skin—muscle sac of Arenicola marina , Piesent work 
Contractile ring of Cyanea arctica Present work 
Pharyngeal retractor of Cucumaria cucumaria Present work 
Retractor of odontophore of Buccinum undatum . Present work 
Pharyngeal retractor of Priapulus caudatus Present work 
Rabbit ureter ‘ | Present work 
Retractor of Mytilus edulis [33] 
Heart of Rana temporaria [34] 
Tetanic fibre of m. ileofibularis of Rana temporaria 1 [35] 
[36-39] 
[38] 
[38] 
[38] 
[38, 40] 
[38] 
[41] 
[32, 42] 
[41] 


Frog sciatic nerve 

Cat sciatic nerve 

Cat ulnar nerve 

Dog phrenic nerve 

Small nerve of Sepia 

Nerve of walking leg of Maia 
Nerve of Loligo pealii 

Giant fibre of Loligo pealii 
Small fibre of Loligo pealii 


} 
} 
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electrodes separated by a distance of 10-13 mm were used. The undulating contraction 
of the ureter at the threshold strength of stimulation was observed visually. We did 
not observe a genuine peristaltic wave on the isolated ureter. Sometimes spontaneous 
rhythmic contractions with a frequency of 5-13 min arose. 
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The threshold of electrical stimulation of the ureter varied a great deal. There 
is no doubt that frequent stimulation appreciably changes the functional state, and 
for this reason the test stimulation was not applied more often than once a minute. The 
causes of the slow variations and the frequently observed gradual falls or rises in 
excitability remain unexplained. Because of these variations it is immeasurably more 
difficult to repeat the determination of the strength-duration curve several times in 
succession on the ureter than on skeletal muscle of a frog. Therefore, it is not possible 
to compute the mean curve and the constant n can only be determined by approxima- 
tion. The conclusions have to be based on analysis of each separate experiment. 
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Fic. 2. Logarithmic strength-duration curves of rabbit ureter. 
Curves A and C were obtained at a temperature of 38° and curve 
B at a temperature of 33°C. 


The material obtained by us shows that for the ureter two types of strength- 
duration curve are observed. The curve of the first type is similar to curves A and B 
in Fig. 2, the constant n being about 0-9. The strength-duration curve of the second 
type (curve C, Fig. 2) sharply differs from the first by the steepness of the incline of 
the left branch of the graph which corresponds to n ~ 2. Precisely such curves 
were obtained by Engelmann and Bozler. It is usual to observe in each experiment 
a transition from one type of curve to the other. The time of replacement of one type 
by the other may vary, but the curve of the second type is observed only against a 
background of waning or low excitability. The change in the character of the curve 
occured rapidly and could be seen by eye. It was not associated with change in the 
character of the contraction. At the time of change-over considerable influence was 
exerted by the test stimulation on the stimulation threshold.* A fall in the temperature 
to 33° or even 27°C did not alter the form of the strength-duration curve. It is not 
easy to say what are the reasons for these changes. We have not yet succeeded in 


* An analogous picture was observed by Krolenko [28] on muscle fibre treated with CaCl,. 
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selecting variants of the method in which the strength-duration curve of only one 
type would be observed. 


DISCUSSION 


In the Table are reproduced the constants n of the strength-duration curves for 
diverse objects obtained by us and also by other workers. From all that has been 
said above it follows that the constant » of the empirical equation for the strength— 
duration curve may vary in value from 0-75 to 2. A noteworthy fact is the difference 
in n for nerves and muscles. It is not yet clear what is the explanation for this discre- 
pancy. In our view, it is unlikely that the values for 7 of less than unity can be explained 
by the fact that in our experiments so-called combined strength-duration curves were 
to be observed, the various parts of which correspond to different substrates, for 
example, various groups of muscle fibres. It is unlikely because our strength-duration 
curves do not show breaks and from this we can assume that these curves are composed 
of a large number of elementary strength—duration curves. Genuine combined strength— 
duration curves known in the literature rarely contain more than three elements [16]. 
In such cases breaks in the combined curve are noticeable. In addition, this explanation 
of the deviation of m from unity is not applicable to the strength—-duration curve of 
~ 2. Hence, the strength-duration curves observed in the usual 
experimental conditions similar to ours cannot serve as proof of the correctness 


the ureter, for which n 


either of the condenser theory of stimulation or the diffusion theory or as it is more 


often called the ionic theory. The so-called law of constancy of the threshold quan- 
tity of electricity in stimulations of short durations was not observed in the eight 
objects studied by us. 


However, in attempting to correct the most widely held theory, i.e. the condenser 
theory, on the basis that the constant n of the strength-duration curve may vary from 
unity it is necessary to take the following into account. In study of the kinetics of 
stimulation by investigation of the relation of threshold strength and duration of 
stimulation, it is very important to analyse carefully the conditions in which we obtain 
the real strength—-duration curves. It must be borne in mind that precise determination 
of the strength and duration of the electrical stimulus received by the excited fibre 
and precise determination of the response are complicated by a number of factors. 


The current before passing into the nerve trunk or whole muscle, passes through 
the phase boundary of the electrode, through the connective tissue membranes and 
probably through neighbouring fibres. Current—voltage characteristics of all the links 
in the complex electrical chain constituted by a nerve or muscle in connexion with 
the electrodes and supply leads are not known. However, it is known that some of 
these links are of a reactive or even a non-linear character. Therefore, it is difficult 
to be sure that the form of the electrical impulse reaching the fibre is the same as at 
the electrodes. A fairly complex preliminary analysis of the physical distribution 
of the current in the chain of stimulation is necessary. The measures usually adopted 
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by physiologists to stabilize the strength of the current or electrode potential by 
incorporating additional resistances or shunts or by use of special electronic devices 
with feedback cannot be considered nearly sufficient to stabilize the parameters of 
the electrical impulse on the fibre. 

The difficulties associated with the complex distribution of the current in a multiple 
formation are in part removed in work with an isolated fibre. However, there still 
remain methodological difficulties of a different kind. It is generally recognized that 
excitation develops at the cathode, i.e. where the current leave the fibre. In the usual 
tangential “external” electrodes the current runs out of the fibre not at a point but 
in a zone. The density of the current is unequally distributed in this zone and the 
distribution of the current depends on the strength and duration of the stimulus but 
the mathematical nature of the spatial distribution of short duration impulses has 
still not been studied [29, 30]. It is quite obvious that the reaction of parts of the 
fibre at differing distances from the electrodes must also differ. The total reaction — 
and this is all we observe — is a complex function of the spatial distribution of the 
current, changing with variations in strength and duration. Taking into account the 
above-mentioned factors it must be recognized that the kinetic equation of stimulation 
obtained by analysis of the usual strength-duration curves reflects the kinetics of the 
gross reaction of the system consisting of electrodes and tissue. The kinetics of this 
gross reaction incorporate the dependence of distribution of current on strength and 
duration, the dependence of the magnitude of the zone of the fibre actually stimulated 
on strength and duration, and finally the kinetics of the inherent reaction of the cell 
on stimulation. 

In the last few years a technique has been worked out enabling one to study in the 
pure form the kinetics of the reaction of the cell on stimulation. Marmont [31] has 
suggested that a microelectrode should be introduced inside the giant fibre of the 
squid along its axis. The second electrode constitutes a spiral concentrically surrounding 
the fibre. When the impulse of a potential is fed to the fibre through a pair of such 
electrodes one can at will rapidly set and arbitrarily alter in time the radial gradient 
of the potential uniformly along the entire length of the fibre. In such conditions of 
stimulation one can be sure that the fibre is stimulated totally and uniformly along 
the whole length of the impulse, all the characteristics of which are accurately known. 
Measurement of the magnitude of the response of the fibre in Marmont’s technique 
is also made by direct recording of the radially passing biocurrent. The value of the 
constant n= 1, known earlier for the squid axon, was confirmed in the work of Hodgkin, 
Huxley and Katz [32] who used Marmont’s technique. Since, for the objects studied 
in the present work deviations of the constant n from unity were found, the definite 
problem arises of investigating in greater detail by more sensitive electrophysiological 
methods those cases in which n does not equal unity. It is necessary to ascertain 
whether one can attribute this deviation to the peculiarities of distribution of the current 
in the chain of stimulation with incorporation in the chain of the given object, or to 
the peculiarities of current distribution in the elementary excited unit, or, finally, 
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to the pecularities of the kinetics of stimulation of the given objects. If the latter were 
confirmed the modern theory of stimulation would have to be revised. 


SUMMARY 


(1) The curves of strength of threshold electrical stimulation as a function of 
duration were studied in a wide range of durations on the contractile ring of Cyanea 
arctica, the pharyngeal retractor of Priapulus caudatus, the skin—muscle sac of Arenicola 
marina, the tetanic fascicle of the muscle obturator of Pecten islandicus, Convoluta 
convoluta, the medial dorsal retractor of the odontophore of Buccinum undatum, the 
pharyngeal retractor of Cucumaria cucumaria, and the rabbit ureter. 

(2) The constant n of the empirical equation for the strength-duration curve 
i=(a/t")—b was less than unity for all the objects studied with the exception of the 
ureter. 

(3) For the rabbit ureter there were two types of strength-duration curve for 
which constant n equalled 0-9 and 2. 

(4) The possible theoretical significance of the deviations of this constant from 


unity are discussed. 
Translated by A. Crozy 
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GREEN, YELLOW AND ORANGE COLOUR 
DISCRIMINATION BY BEES* 


G. A. MAZOKHIN-PORSHNIAKOV 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 6 November, 1957) 


THE study of insect vision is aimed at, among other things, explaining aspects of insect 
behaviour which involve use of their eyes. To such behaviour belongs the very ordinary, 
but for some insects very essential, habit of visiting the flowers of plants. However, 
the apparent obviousness of the involvement of vision in the discrimination of flowering 
plants by insects and in the location of flowers which interest them does not have 
any firm experimental proof, even in the case of such an intensively studied species 
as the honey bee. Further, the notions existing until recently of the colour vision of 
bees even contradicted observations of bee behaviour in nature and could not elucidate 
the role of bees’ colour vision in the location of flowers of plants. Thus it has remained 
unclear how bees managed to locate by visual means yellow and orange flowers against 
a background of green leaves if, according to the results of a number of workers [1-5]. 
they are unable to distinguish yellow, orange and green colours. Only recently has 
it been shown [6] that bees can in fact distinguish yellow, orange and green mono- 
chromatic light, although not as precisely as for instance yellow from blue monochro- 
matic light. 


* Biofizika 4: No. 1, 48-54, 1959. 


eer 
ie 
4 
~ 
a 


G. A. MAZOKIN-PORSHNIAKOV 


However these irreproachably and elegantly conducted experiments [6] still do 
not provide conclusive proof that bees can differentiate yellow, orange and green 
coloured objects in nature, since these reflect not only the corresponding monochromatic 
rays but also light of mixed spectral content. Data obtained in experiments using 
monochromatic illumination cannot be used directly to explain the behaviour of 
insects in natural conditions where they experience illumination of mixed spectral 
content only. Besides in nature it is of importance for insects, as well as for man [7], 
to discriminate objects by their intrinsic colour and not by the extraordinarily variable 
(in time and space) radiations which they reflect. We understand by the term intrinsic 
colour the objective reflective properties of a substance which are neither dependent 
on the spectral composition nor the intensity of illumination. 

In 1955 the view was expressed [8] that the failure of Frisch and his followers to 
train bees to discriminate yellow, orange and green coloured pieces of paper was due 
to limitations in the experimental procedure employed. Frisch’s method did not 
take into account the fact that in order to pass judgment on the ability of insects to 
discriminate two colours, it is necessary to induce a differential reflex for discrimination 
of different shades of these two colours, in order to exclude the possibility of their 
recognition by brightness alone. In other words the insect must simultaneously see 
both colours during training, one of them serving as a background for the other. In 
such an experimental arrangement a differential reflex is formed in the insect and 
there is simultaneously a generalization of both colour stimuli, which are presented 
in the experiment in the form of several different shades. 

In order that an insect can locate a flower of a certain shade, for example yellow 
or orange, it is necessary (and sufficient) that it should be able to distinguish the colour 
of these flowers from their natural background, which is usually green foliage. Indivi- 
dual leaves, and even parts of them in natural conditions, although of the same colour, 
are an assemblage of all possible shades of green owing to different intensities of 
illumination. Therefore in order to reliably locate a flower among leaves an insect 
must be able to distinguish its colour from any shade of green. 

From these considerations our experiments were designed to test whether insects 
are able to distinguish objects of a particular colour (yellow or orange) from any 
shade of green. A positive result in these experiments could provide proof both of 
the existence of colour vision in bees and of their ability to locate flowers of the 
corresponding colour under natural conditions. 

The experiments were carried out in the summer of 1957 at the Zvenigorodsk 
biological station of Moscow State University. An experimental colour table was 
mounted on a revolving training platform. The colour table consisted of 15 adjacent 
squares of coloured paper (green, yellow or orange) reflecting light of identical spectral 
content, but of differeiit intensity (brightness). One square (the sixteenth) of a different 
colour was included in the colour table. This was the training square which was baited 
with a sweet substance. A yellow square, for example, was included among green 
squares of several degrees of brightness. In the course of training this square was 


* 
¥ 
A 
3 
2: 
| 
ar; 
1 


Green, yellow and orange colour discrimination by bees 49 


replaced three or four times by others, brighter or darker, but reflecting light of almost 
identical relative spectral content. The position of the training square in the colour 
table was changed repeatedly to prevent recognition of the baited square from memory, 
and also the platform was rotated through 45-90° every 2-3 min. The colour table 
was covered with a sheet of plate glass on top of which were placed dishes containing 
water over each of the centres of the squares; a dish containing a sugar solution 
instead of water was placed over the training square (Fig. 1). The glass and dishes 
were periodically washed and wiped with alcohol to remove any trace of smell. 


Fic. 1. The arrangement of the training stage during an experiment. In the centre 
(on a yellow square) are two bees at a sugar dish. 


It was sufficient that one bee should go from the hive to the sugar dish for the 
others to make regular visits to the platform. Bees which visited the dish were marked 
with acetone dye. Fifteen to thirty of these marked bees took part in the experiments. 

A control experiment was set up when, for example, the bees began to locate reliably 
a baited yellow training square set among various shades of green. The sweet bait 
was transferred to one of the background squares and a dish of water was placed 
over the training square. The glass covering the platform was removed and a yellow 
square of type B was inserted in place of the yellow square of type A. Yellow B differed 
in brightness and had not previously been used in the experiment. 

The coloured squares (9x9 cm) were made from photographic paper coloured 
with analine dyes. Before dyeing the photographic paper was fogged to different 
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degrees to provide squares differing in brightness but with approximately the same 
properties of light reflection. Consequently a series of paper squares ranging from 
white to almost black could be stained in the same solution. A range of green squares 
with coefficients of reflection (for A550 my) from 2-5 to 30 per cent, a range of yellow 
with coefficients of reflection (for A=574 my) from 3 to 70 per cent and a range of 
orange with coefficients of reflection (for A=619 my) from 6-5 to 80 per cent were 
prepared similarly. 

Examples of the curves of reflection of these papers are given in Fig. 2. For con- 
venience in future the types of paper will be designated by symbols: Y,, Tepresents 
yellow paper reflecting 25 per cent of light with a wavelength of 574 mu, G,, represents 
green paper reflecting 12 per cent of light with a wavelength of 550 mu, etc. 


T 


% Reflection 


Fic. 2. The curves of reflection of light of the coloured paper squares. 
Y — yellow; G — green; O — orange; percentage reflection is given 
along the ordinate. 


(1) Training for discrimination of yellow from green. (Fig. 3 A). Yellow papers 
of types Y,,, Y,., Y,, and Y,, (in different sequences) were used as training squares 
set in a green background. Following thirty to thirty-five visits of each bee, i.e. after 
5-6 hr of observation, the control experiment was set up. The training square was 
replaced by a yellow of a new type — Y,.. In spite of such a replacement the bees 
as before landed and gathered in groups on the Y,. square only, although a water 
dish (or no dish at all) had been placed over this square. When each of the yellow 
training squares were placed in turn in the experimental colour table the bees likewise 
only gathered on these squares. 

(2) Training for discrimination of yellow from orange. (Fig. 3 B). In the course 
of training, yellow papers of types Y,,, Y,, and Y,, were placed under the dish con- 
taining sugar solution in different sequences, in a background of orange squares. 
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As the control, Y,, was used (and all three training yellows in turn), and it was found 
that the bees gathered only on the yellow squares (Fig. 4). 
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Fic. 3. Some arrangements of the squares in the colour table for training bees to discrim- 
inate yellow from green (A), yellow from orange(B), orange from yellow 
(C) and orange from green (D). 


(3) Training for discrimination of orange from yellow. (Fig. 3 C). Orange papers 
of types O,,, O,, and O,, served as the training squares, while O,, was used as the 
control in the same yellow background. The result was that the bees gathered and 
sought the sugar solution on the O,, paper. When two orange papers (O, , and O,,) 
were used simultaneously in the control, the bees gathered in groups on each of them 
and paid no attention to the yellow squares. 


Fic. 4. The control experiment after training bees to discriminate yellow and 
orange. Bees have gathered on the yellow square (left hand side) only. 
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(4) Training for discrimination of orange from green. (Fig. 4 D). Orange papers 
of types O,,, O,. and O., were selected for the training squares and placed in a back- 
ground of green squares ; O, was the control. The result was the same as in the preceding 
experiments: the bees gathered in groups only on the O., square or on each of the 
training squares presented in turn. 

The results of the four series of experiments indicate that bees: (a) have colour 
vision, and (b) are able to discriminate green, yellow and orange papers from one 
another irrespective of their brightness. Training for discrimination of coloured papers 
succeeds even when somewhat inappropriate colours are selected for the natural 
background (shades of orange and yellow). This new method of training insects 
enabled us to demonstrate that wasps (Vespidae) as well as bees can discriminate these 
types of coloured papers. The wasp experiments ran concurrently with the bee experi- 
ments [9]. 

According to a number of authors [10-11], the eyes of bees have a maximum 
sensitivity for light with a wave length of approximately 550 my, and their sensitivity 
is very low in the long wavelength part of the spectrum (630-650 mu). Consequently, 
in a comparison of the reflection curves of the coloured papers used in the experiments, 
it can be seen that bees discriminate yellow and green papers mainly on account of the 
greater reflection of 550-620 mu light by the former. Green papers are distinguished 
from orange papers by bees mainly on account of their greater reflection of blue-green 
light (480-550 my), and high absorption of yellow-orange light (570-610 my). Yel- 
low papers are distinguished from orange papers by bees almost entirely on account of 
the greater reflection of 480-560 mu wavelength light by the former. 

Yellow and orange papers and the corollae of flowers of identical colours, and 
also green papers and plant leaves possess curves of reflection which are closely similar 
in form (in the spectral range from 400 to 630-650 mu). Consequently if the bees 
can distinguish the coloured papers described in experimental conditions, then there 
is no doubt that bees can visually distinguish yellow and orange flowers among plant 
foliage in natural conditions. This conclusion is supported by the fact that in our 
experiments the bees discriminated yellow and orange colours from green, irrespective 
of the shades (brightnesses) of these colours, i.e. the experiments were arranged to 
mimic the varied radiations reflected by, for example, a yellow flower. These variations 
are a result of differences in the nature and the intensity of illumination of the flower, 
its bulk, and the presence of spots and highlights, etc. 

For bees, as for other insects which collect nectar and pollen, it is of importance 
not only to be able to distinguish (notice) a flower from the surrounding background, 
but also to be able to recognise (by memory) a flower, i.e. to distinguish it from the 
flowers of other plants. Reflected ultra-violet light evidently plays a considerable 
role in the recognition by bees of the numerous different yellow coloured flowers 
found in nature [12]. The yellow flowers of a number of plants (dandelion (Taraxacum 
officinale), silverweed (Potentilla anserina), autumn hawkbit (Leontodon autumnalis), 
buttercup (Ranunculus acer) and others) which seem to human beings to be similarly 
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Fic. 5. Photographs of the flowers and leaves of silverweed (Potentilla anserina) and 
buttercup (Ranunculus acer) taken in ultra-violet light (2—365 mp). A series of 
standards were photographed at the same time to provide an indication of the 
intensity of the ultra-violet light reflected by the corollae of the flowers. 


coloured, reflect ultra-violet light differently. They possess hidden patterns which 
are visible only to eyes highly sensitive to ultra-violet light, as for instance the eyes 
of insects [6]. Therefore bees and other species of insects undoubtedly can distinguish 
visually flowers like silverweed and buttercup, which seem very much the same to man. 
Photographs taken in ultraviolet light (A365 mw) give some idea of the differences 
in the “concealed’’ patterns of ultraviolet light reflection (Fig. 5). 

It is the author’s pleasant duty to thank N. D. Niuberg for his valuable advice. 


SUMMARY 


The generally accepted view that bees are unable to discriminate green, yellow and 
orange colours is based on methodologically unsound experiments, which by their 
nature could give no clear-cut result. In order to assess whether an insect is able to 
discriminate two particular colours, it is necessary to establish a differential reflex 
for discrimination of a number of shades of one colour from any shade of the other, 
serving as a background to the first. In such an experimental arrangement a differential 
reflex is established in the insect and there is concurrent generalization of the colour 
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stimuli, which are presented in the experiment as a number of different shades. Use 
of what, in principle, is a new technique of training bees has enabled us to demonstrate 
that bees can accurately discriminate green, yellow and orange coloured paper squares, 
irrespective of their brightness. There is consequently no doubt that in their natural 
environment bees can visually discriminate yellow and orange coloured flowers in 
their natural setting — green plant foliage. 

Translated by C. R. PRINGLE 
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RESOLVING POWER OF THE EYE FROM 
THE STANDPOINT OF INFORMATION THEORY* 
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THERE exists a considerable volume of reliable experimental data on the dependence 
of visual acuity on contrast, exposure time and background illumination [1-9]. One 
of the earliest attempts to provide a theoretical basis for the experimentally observed 
relationships was the hypothesis put forward by Hecht [10]. According to his hypothe- 
sis, the photoreceptors of the retina vary in sensivity: increased luminance leads to 
increase in the number of acting receptors and consequently to enhanced visual acuity. 
Later Pirenne [11] and Rose [12] demonstrated that the broad range of thresholds 
of light sensivitity of the photoreceptors underlying Hecht’s hypothesis could not 
exist in reality. According to their assumption, the decrease in visual acuity at low 
* Biofizika 4: No. 1, 55-63, 1959. 
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levels of luminance is associated with quantum fluctuations. However, O’Brien [13] 
demonstrated that the hypothesis of these authors, as with that of Hecht, is contradicted 
by direct experimental evidence. 

The hypotheses of Hecht, Pirenne, and Rose, are in essence photochemical and 
take no account whatsoever of the neurone structure of the visual analyser. Moreover, 
in a number of papers which have, in the main, appeared recently the regularities 
of change in light sensivitity and visual acuity have been considered in relation to the 
functional organization of the retina and other parts of the visual analyser [14-23]. 

Visual acuity determines essentially the transmission capacity of the visual system. 
It is natural to suppose that the complex neurone structures of the visual analyser 
are subordinated to the functions of storage, coding and transmission of information 
and it is, therefore, appropriate to adopt information theory methods in studying 
the resolving power of the eye. The purpose of the present work was to interpret the 
basic laws of foveal vision by means of the information theory. 


(1) Parameters of the visual channel 

The threshold quantity of information N (in binary units) which may be transmitted 
during time 7 by a signal of mean strength P, and width of frequency spectrum W 
with a mean intensity of noise P,, is determined by the equation °[24] 


P 
N=WT oa, | 1+ (1) 


n 


In analysing the work of the visual system, it is useful to introduce a dimensionless 
parameter n=2WT signifying the number of storage elements in each one of which 


may be recorded the information >" log, ( 1+P, IP) in binary units. Occasionally, 


1 / 
the product of > n log, | 1+P, /P,| employing geometrical concepts is termed the vol- 


ume of the channel [25] (Fig. 1). Here, the magnitude P, , within certain limits which 
will be discussed later, is proportional to the energy of the light stimulus. The magnitude 
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Fic. 1. Conversion of volume of signal. 
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P. associated with quantum fluctuations and inherent noises of the system, may 
appreciably exceed the threshold magnitudes and cannot therefore be determined 
directly from threshold effects. As will be clear from what follows FP, can be indirectly 
determined from formula (1). The magnitude n may be related to visual acuity (see 
section 3). 

If the parameters of the signal are not in agreement with those of the communication 
channel, there is a theoretical possibility of such an agreement by means of so-called 
conversion of the volume of the channel (Fig. 1). Such a conversion may be carried 
out by suitable coding* without loss of information. 

As will be shown later, in the visual system conversion of the volume of the channel 
is also effected — by exchange of the signal/noise ratio for the number of storage 
elements (visual acuity). This exchange occurs in practice according to the quantitative 
laws which would pertain in an ideal communication system. 


(2) Time storage 
The importance of storage for the separation of a useful signal from noise is well 
known. In the visual system, temporal and spatial storage (summation) are distin- 


guished. 

The phenomenon of time summation has been studied in investigations of the 
absolute and differential thresholds of light sensitivity of the eye [26-29]. For the 
appearance of a visual sensation it is necessary that the product of illumination / and 

t 


exposure time f (or in the more general case { Jdt [30] should reach a definite magnitude. 


0 
This is true until the exposure time exceeds the value ¢,,; by the so-called critical 
duration or useful time.’ Time storage also occurs when Jt appreciably exceeds the 
threshold value [32]. 

Time storage may also be detected in investigations into visual acuity. Figure 2 
shows a set of curves of visual acuity as a function of log /t recalculated from [9]. 
For exposure times below f,,;, the curves merge into one. This means that in determina- 
tion of visual acuity the result is dependent on /t. Similar results have been obtained 
by recalculation of the data of a number of other papers [2, 6, 8]. 

Until the exposure time exceeds ¢,,; the mean strength of the incoming visual 
signal P, may be regarded as proportional to the product /t. Where t > f,,, visual 
acuity is determined solely by /.11 Here P, may be regarded as proportional to /. 

(3) Conversion of the volume of the channel in the visual system 

We shall now attempt to interpret from the standpoint of information theory 
the known phenomenon of change in the resolving power of the eye with change in 
illumination. 

* Conversion of the volume of the signal is widely applied technically for example in interference- 
resistant, pulse-code communication systems where a dynamic range is exchanged for time of trans- 
mission or frequency band. 

Tt According to Luizov [31] this time is connected with the time of inertia. 

tf Storage in the higher sections of the visual analyser is here neglected. 


of 
Tal 
ar 


Resolving power of the eye from the standpoint of information theory 


log /t 


19 


Fic. 2. Variation of visual acuity (V) with log Jt with high signal- 
noise ratios; /t in apostilles and milliseconds. +» 


Increase in the mean strength P, of the incoming visual signal leads to an increase 
in the volume of the channel proportional to log (1+-P,/P,,). But increase in the volume 
of the channel in this measurement cannot be utilized directly since the eye does not 
measure absolute degrees of brightness. On the other hand, of great importance in 
increasing the transmission capacity of the visual analyser is an increase in visual 
acuity (number of storage elements or number of degrees of freedom), i.e. change 
in another measurement of the volume of the channel. 

Exchange of the signal-noise ratio for the visual acuity magnitude with increase 
in the incoming visual signal is highly desirable. Conversion of the volume of the 
channel in the visual system allows one to increase, on the one hand, the resolving 
power with excess illumination and, on the other, light sensitivity on account of a fall 
in the resolving power with inadequate illumination. 

Let the signal—noise ratio on each occasion after conversion as a result of exchange 
be brought to a definite level corresponding to the differential threshold. Then, 
increase in the volume of the channel (transmission capacity) by an increase in the 
signal—noise ratio leads eventually to an increase in the number of storage elements 
proportional to log (1+P,/P,). If the visual system represents an ideal communication 
system in which conversion of the volume of the channel occurs without loss of inform- 
ation, then the resolving power V should change according to the relation 
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V=K log (1+P,/P.), 
where 
P.=alt when t< ft 


crit 


P.=BI when t>t 


crit 


K, a and # the coefficients of proportionality. 

To consider to what extent this corresponds to the experimental findings, we shall 
confine ourselves to data of experiments in which visual acuity was determined by 
the Landolt ring. Whenever the subject gives a reply on the position of the break 
in the ring he makes a choice from a small number of equally probable possibilities. 
The amount of information thereby obtained remains the same irrespective of the 
size of the ring. Increase in acuity, manifest in a decrease in the distinguishable width 
of the break in the ring, may be compared with expansion of the frequency band in 
communication systems when the same information is transmitted by pulses of shorter 
duration. It is essential that the choice be made from a series of possible positions 
of the break in the circumference of the ring. Consequently, visual acuity determined 
from Landolt rings may in fact have a linear relation with the number of storage ele- 
ments. 


Loo A/ 
Fic. 3. Variation of visual acuity (V) with log A J for small signal—noise 
ratios; A J and J in apostilles. Points — experimental data ; continuous 
lines — approximation according to formula (4). 


Numerous experimental findings obtained in conditions of daylight vision show 
that with ¢>- ¢..., visual acuity is proportional to the logarithm of illumination of 


‘crit 
the test object [4, 33] and with t< ¢,,,, it is proportional to log /t (e.g. Fig. 2). These 
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findings refer to the case of comparatively large values of illumination when 
P./P noice >> 1. But in this case formula (2) may be replaced by the asymptotic formula 


V ~ K log P,/P,, (3) 


expressing the linear relationship of acuity to the logarithm of the mean strength of 
the incoming visual signal. 

It is particularly interesting to analyse the nature of the conversion of the volume 
of the channel with the signal—noise ratio at low levels. In this region the relationship 
V B. log J ceases to be linear and the experimental curves flatten out [1]. Such a course 
of the curve is also characteristic for the theoretical formula (2). The dependence 
of visual acuity on contrast at low levels of illumination has been investigated experiment- 
ally by Conner and Genoung [5]. In Fig. 3 is depicted the relationship of visual 
acuity and logarithm of the difference between the illumination of background and 
ring (log A L) at different levels of background illumination (J,). The exposure time 
considerably exceeded the critical duration. The experimental data can be approximated 
by the relationship (2) which in the case in point may be presented in the form 


V = K log (1+ AlJ/I,) (4) 


The parameters K and J are determined by approximation. Use of common log- 
arithms gives K the value 0-9-1-0. Hence, in the real visual system both at high and 
low levels of illumination conversion of the volume of the channel occurs in ac- 
cordance with laws very close to those which ought to govern conversion in an ideal 
system of communication. 
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Fic. 4. Variation of noises in the visual channel with background 

illumination ; Ipoise 43 and Jj, in apostilles. 1. data of Conner and 

Genoung [5]; 2. Hendley [34] ; 3. Siedentopf [7]; 4. threshold intensity 
according to Barlow [35]. 
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The parameter /, may be interpreted in accordance with formula (2) as a magnitude 
proportional to the mean strength of the noise in the visual channel. This must embrace 
both inherent noises of the visual system and noises associated with fluctuation of 
the light stimulus. 

Figure 4 gives log J, as a function of log /,, obtained by the method just considered 
according to the findings of Conner and Genoung and two other papers [7, 34] in 
which the variation of visual acuity with contrast was determined. It is necessary to 
note the good agreement of the values for the noises of the visual system calculated 
from the findings of the three different papers. 

It is of interest to compare the course of these curves with the relationship obtained 
by Barlow [35] for the threshold intensity A /,, as a function of /, which was deter- 
mined, as distinct from the experiments considered earlier, with a constant test area 
(Fig. 4). The ratio /,,;.. : A J), is with a sufficient degree of accuracy a constant value 
for a wide range of illumination changes* not only for low levels of illumination where 
Al, ~ but also where ~ i.e. where the Weber—Fechner law operates. 
It may be assumed that the Weber—Fechner law is a consequence of the linear rela- 
tionship of J, and intensity of background and the requirement that the ratio of 
threshold intensity to /, be constant. 

It should be emphasized that J, is much greater than the values of AJ at which 
resolution is still possible. Information theory points to the possibility of separating 
a useful signal from noise even where the ratio of the mean strengths is less than unity. 
Apparently, for the realization of this possibility in the visual system storage is of 
basic importance. Certain suppositions on the possible mechanisms of the conversion 
of the volume of the channel in the visual system in connexion with storage are set 
forth in the following section. 

(4) Storage in the receptive field and scanning hypothesis 

The functional unit of the retina is the receptive field — the group of photoreceptors 
joined through the bipolar cells to the ganglion cell from which the nerve fibre goes 
to the brain. Spatial storage (summation) in the retina by convergence of the photore- 
ceptors to one nerve cell, which has been pointed out by a number of workers [14-23], 
is apparently effected in the receptive field. Spatial storage is manifest in the fact 
that the smaller the intensity of the light stimulus the greater the number of photo- 
receptors (and consequently the greater the area) which must come into action for 
production of the threshold signal. On the other hand, increase in the intensity of 
the light stimulus makes it possible to reduce the acting number of photoreceptors 
in the given receptive field. 

The effective area of the receptive field varies with change in background illumina- 
tion. This may be judged from, for example, Fig. 5 which is plotted from the findings 


*It should be borne in mind that storage in Barlow’s experiment was incomplete and therefore 
the true value of the ratio A /,,: J, cannot be obtained directly from Fig. 4. However, if each time of 
exposure and the test area in his experiment are considered then for the ratio A /,,: J, a magnitude 


of the order of several units is obtained. 
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Fic. 5. Decrease in effective area of receptive field with increase in 
background illumination Jp apostilles. (7) Data of Conner and Genoung 
[5] and (2) Siedentopf [7]. 


given in papers [5] and [7]. On each of the curves a region may be indicated where 
the product of the threshold contrast and area of break in the Landolt ring A /S is 
virtually independent of S. With an increase in background illumination the effective 
area in which storage occurs is reduced as shown by displacement of the break in the 
curves to the left.* This allows storage to be limited at very high intensities and hinders 
the appearance of a super strong stimulus. 

The change in the magnitude of the receptive field may be conceived as follows. 
It is known that an inductive relationship exists between the centre and periphery of 
the receptive field [37] and that the light sensitivity is greater at the centre of the 
field [38]. The greater the illumination of the field the more strongly does the induced 
inhibition at the periphery concentrate excitation in the centre limiting the effective 
area of the field. The emergence of an inhibitory ring around the field with transition 
from dark to light adaptation has been demonstrated in direct experiments [36]. 

* Increase of A /S for very small values of S is apparently due to the absence of spatial summation 
within the confines of one photoreceptor. 

+ The experiments of Barlow, Fitzhugh and Kuffler [36], on the basis of which they assume that 
the receptive field Cces not vary with change in background illumination, were carried out on a cat — 
a night animal with rodreceptive fields which possibly do not have the same capacity for functional 
transformation as do the cone fields. 
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Let us now compare change in the receptive field with the fact that time of summa- 
tion (critical duration) also decreases with increase in the background illumination [28]. 
It is difficult to establish with a sufficient degree of precision the quantitative link 
between the change in time of summation and the effective area of the receptive field 
since the area of the light stimulus affects determination of ¢,,;, [26]. A noteworthy 
feature is that with change in illumination over a wide range the area of summation 
changes by several factors of 10 (Fig. 5) as does ¢,,;, [28]. 


This comparison leads to the hypothesis that f,,;, expresses the time taken by the 
ganglion cell to scan the photoreceptors of its receptive field.* The scanning hypothesis, 
by establishing an interdependence between spatial and temporal storage, enables 
one to explain the work of the receptor field as a physiological funnel. Apparently, 
in the scanning process separation of a useful signal from noise occurs by the storage 
method. The information stored in the receptive field is transmitted along the gang- 
lion fibre by a definite code. 


From the point of view of the scanning hypothesis the previously considered 
conversion of the volume of the channel is related to the fact that with an increase 
in the light stimulus it is sufficient to scan a smaller number of photoreceptors for 
production of he same useful signal as a result of storage. 

The hypothesis of transformation and scanning of the receptive field gives a natural 
explanation of certain other physiological features. The shortening of the latent period 
of response of a ganglion cell with increased intensity of stimulus may be considered 
as a consequence of the reduced size of the receptive field and a related decrease in 
scanning time.’ The Ferry—Porter law on increase in the critical frequency of fusion 
of flicker with rise in illumination may also be considered as a consequence of reduction 
in the receptive field. If during the scanning cycle transmission of a signal which can 
no longer be analysed occurs on the integral illumination of the receptive field, the 
reduction in the duration of scanning must lead to an increase in the number of cycles, 
i.e. to an increase in the number of signals which can be distinguished separately per 
unit time. 

In conclusion we note the following. According to Granit [41] the rod retinas 
of night animals are characterized by electrophysiological excitation manifestations 
(electroretinogram, impulsation in the ganglion fibre). Therefore, they have been 
given the name Type E retinas. On the other hand, the cone retinas of day animals 
are characterized by inhibitory processes and are designated Type I retinas. These 
facts are in full agreement with the concepts developed by us. Detection is the essential 
task of the rod apparatus working at low levels of illumination. Therefore, the rod 
receptive field operates on the principle of excitation summation. The essential task 
of the cone apparatus is resolution. At high levels of illumination, as has been shown 


* forit Cannot be associated with time of storage in the photoreceptors themselves since the latter 
is of the order of several tenths of a second [39]. 

+ In this connexion it is not without interest to note that the latent period of the response of the 
cones does not depend on the intensity of the stimulus [40]. 
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above, it is necessary to limit summation in order to prevent blinding (development 
of a super strong signal) and at the same time the resolving power of the retina is raised. 
This is achieved by inhibitory processes in the receptive fields. 


Translated by A. Crozy 
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THE EFFECT OF CERTAIN NUCLEOTIDES 
AND NUCLEOSIDES ON THE REGENERATION 
OF HAEMOPOIETIC TISSUE AFTER IRRADIATION* 
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Institute of Biophysics, Czechoslovakian Academy of Sciences 


(Received 25 June 1958) 


THE most important of the tissue factors which compensate the detrimental effect 
of ionizing radiation on an organism are those ‘which can be used therapeutically 
after irradiation. Jacobson [1] showed that protection of the spleen during total body 
irradiation of an animal with X-rays substantially raised the LD,,. The beneficial 
effect of spleen transplantation after irradiation [2], and also of various other pro- 
cedures — transplantation of a suspension of embryonal tissue [3], injection of spleen 
homogenates [4-6], injection of bone marrow [7,8] and other effective factors — 
have been described in detail by various workers. 

All the measures referred to above had a beneficial effect on the course of the 
post-irradiation reaction as evinced by the enhanced survival of the experimental 
animals in general and by the more rapid regeneration of haemopoietic tissue in parti- 
cular. The interrelation of bone marrow regeneration and survival has been studied 
by Brecher and Cronkite [9]. From the results which have been obtained, two different 
hypotheses have arisen as to the mechanism of action of these therapeutic measures : 
(1) cone or several factors of a hormonal nature are present in spleen and bone marrow 
and these accelerate regeneration of haemopoietic tissue after irradiation (Jacobson 
etal.,and Cole et al.) ; (2) substitute haemopoietic tissue develops in the form of cellular 
elements which originate from proliferation of the injected tissue in the recipient. 
Recent work [10-12] inclines us more towards the second hypothesis. However the 
existence of a hormonal factor cannot be excluded. It is impossible, for instance, to 
explain the beneficial effect of the sub-cellular fractions of the spleen or bone marrow 
homogenates used by Cole et a/. [5] and by Brown et a/. [13] on the basis of a trans- 
plantation theory. 

* Biofizika 4: No. 1, 64-70, 1959. 
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Both the regeneration of haemopoietic tissue after irradiation and also the regene- 


ration of other tissues are closely linked with deoxyribonucleic acid synthesis. 


As 


has been demonstrated by many authors [14-17], DNA synthesis is considerably 
reduced following irradiation. In our work we have tried to influence DNA synthesis, 
and through it regeneration, by the use of certain nucleotides and nucleosides which 
are component parts of DNA. Subsequently we also studied the effect of certain ribo- 


nucleotides. 


Substance 


TABLE 1. 


Quantity and time used 


| 
Effect on survival 


Blood picture 


Thymidylic acid 


Thymidylic acid 
Thymidylic acid 


Thymidylic acid 


Thymidylic acid 

Desoxycytilic acid 
Desoxycytilic acid 
Desoxycytilic acid 


Deoxycytidylic 
acid 


Deoxycytidilic 
acid 
Deoxycytidylic 
acid + thymidylic 
acid 
Deoxyadenylic 
acid 
Deoxyadenylic 
acid +- deoxy- 
guanylic acid 
Cytidylic acid 


Deoxypyridine 


Deoxycytidine 


12 mg 24 hr after irradiation (in a single 
| dose) 


_ 1 mg 24 hr after irradiation (in a single 
| dose) 


2 mg: 20 x 0-1 mg for 10 days after irrad- 


| iation (2 doses per day) 
| 2 mg 15 min before irradiation 


2 mg 15 min after irradiation 
2 mg 24 hr after irradiation 


| 2 mg 15 min after irradiation 


| 0-6 mg: 22-2 mg for 24 hr, 10-2 mg, 


for 48 hr after irradiation 


| 0-3 mg: 3 x 0-1 mg for 30 hr after irradia- 
| tion 


2 mg: 20-1 per day for 10 days after 


| 


irradiation 
mg per day (0-05+0-05) for 
10 days after irradiation 


0-6 mg: 1, 2, 5 days after irradiation in 


0-2 mg doses 


1-+1 mg 24 hr after irradiation 
0-3 mg : 3 x 0-1 mg for 30 hr after irradia- 
tion 


2 mg 24 hr after irradiation 
2 mg 24 hr after irradiation 


3 x0-7 mg for 30 hr after irradiation 


Accelerated 
regeneration 


A statistically signi- 
ficant increase in 
the survival rate 


Accelerated 
regeneration 


No effect 


| No effect 


A slight increase 
in the rate of 
regeneration 


No effect 
No effect 
No effect 
No effect 


| Accelerated 
regeneration 


statistically 

| ¢significant increase 
‘ 
in the survival rate 


No effect | No effect 


| No effect 


No effect 


| No effect | No effect 


| No effect No effect 

| Acceleration of a 

Inhibition of 
death 

2>generatio 

| More rapid death sie 


| 
| 
| 
it @ 
ano | 
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| 
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van | 
| 
| 
| 
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IN VIVO TESTS 


The experimental animals used were mice of race H (Zvereks), which had not been 
inbred and which weighed between 23 and 27 g. The irradiation treatment took the 
form of a single 500 r dose of total body irradiation from a Super-Sanax tube (150 kV, 
15 mA) with | mm AI and 0-5 mm Cu filters. The working distance was 43 cm, and 
the dose-rate 50-55 r/min. The blood picture was examined at 3-4 day intervals for 
a period of one month following irradiation. The number of erythrocytes, reticulo- 
cytes and leucocytes was determined and an estimate of the blood formula was made. 
The blood was obtained from the caudal vein. The numbers of the different blood 
elements were determined from average counts in 8 animals of a group. There were 
15 to 40 animals in each group. 

The differences between the average results in the control group (irradiation only) 
and in the test group (irradiation plus treatment with the appropriate substance) were 
determined statistically. The results of these experiments are given in Table | and 
they are illustrated by the graphs in Figs. 1-4. 


(1) A summary of the substances used and their effects in comparison 
with the control 


It can be seen from the results presented that deoxyribo nucleotides with a pyrimidine 
base have a positive effect. Of the substances used, the most effective were deoxy- 
cytidylic acid and a mixture of it with thymidylic acid, used at low doses, and also 
a single administration of a large dose of thymidylic acid. In these cases accelerated 
regeneration of haemopoiesis was accompanied by enhanced survival of the animals 
in the test group. On the other hand, use of deoxynucleosides had a detrimental effect 
on the animals, while the remaining substances had no effect. 


Fic. 1, The change in the erythrocyte level following the use of deoxy- 
cytidylic acid (20 doses of 0-1 mg for 1-10 days following irradiation). 
The time in days is given along the abscissa, and the erythrocyte count 
(in millions) along the ordinate. In this and in the following figures 
the continuous line represents the test group and the dotted line the 
control 
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(2) The Blood Picture 


(A) Administration of deoxyribonucleotides (positive effect) 

Erythrocytes. The fall of the number of erythrocytes in the test group was not 
great in the majority of cases. The maximum decrease did not reach the lowest value 
for the erythrocyte number of the control group of animals (irradiated only), while 
the erythrocyte number of the test group returned to its normal level several days 
earlier (Fig. 1). Retardation of the fall in the erythrocyte count was not a conse- 
quence of intensive erythropoiesis. Examination of the reticulocyte counts showed 
that the change in the reticulocyte level at this period in response to deoxyribonucleotide 
injection was not great enough to account for the quantitative difference between the 
control and test groups. On the contrary it became clear after three weeks that the 
reticulocyte number was dependent on the degree of anaemia found in the irradiated 
animals. Surviving animals with a low erythrocyte level had a high percentage of 
reticulocytes. 

In some tests (after injection of 0-2 mg of deoxycytidylic acid) we observed that 
following a gradual decline in the erythrocyte number, covering a period of two weeks, 
there was a rapid fall in the level between the sixteenth and eighteenth days and subse- 
quently the erythrocyte level became even lower than that of the control group. 


6 GS 


Fic. 2. The change in the leucocyte level following the use of thymidylic 
acid (1 mg 24 and 38 hr after irradiation). 

The time in days is given along the abscissa and the average leucocyte 
count (in thousands) along the ordinate. 


Leucocytes. The leucocyte curves illustrate the earlier regeneration of the leucocyte 
component of the blood following the use of pyrimidine deoxyribonucleotides. 
A marked divergence of the average erythrocyte numbers for the control and test 
groups was observed in the third week (Fig. 2). Neutrophil granulocytes were mainly 
responsible for the increased leucocyte number in the test group; this increase was 
statistically significant. The variations of the granulocyte curve correspond to the 
variations in the total leucocyte curve. The increased number of lymphocytes in the 
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test group was not significantly different from the control value, except in a few cases. 
Young forms of granulocytes appear in the peripheral blood from the fourth to the 
seventh day, and the increase in their number in comparison with the control group 
was maintained up to the end of the third week. 


(B) Administration of deoxyribonucleosides 

When deoxyuridine and deoxycytidine were used, the post-irradiation reaction 
did not take a favourable course. The blood picture was the same in both instances : 
a greater fall in the erythrocyte count and retardation of the regeneration of both 
white and red blood cells (Figs. 3 and 4). 


Fic. 3. The erythrocyte level following the use of deoxycytidine. 
(30-7 mg within 30 hr of irradiation). 

The average erythrocyte count (in millions) is given along the ordinate 

and the time in days along the abscissa. 


In the use of the remaining substances (purine deoxyribonucleotides, ribonucleoti- 
des) no great differences were apparent in the blood pictures of control and test groups. 


IN VITRO TESTS 


Methods. In these tests bone marrow tissue was used, taken from guinea-pigs 
which had been killed 6 hr after a total body irradiation of 600 r. A bone marrow 
suspension was prepared in guinea pig serum and incubated for 6 hr in the presence 
Naz HPOs, labelled with 32P. The rate of synthesis was calculated from the specific 
activity of the nucleic acid phosphorus at the end of incubation. In these tests DNA 
was isolated by a modified version of the Schmidt-Tannhauser method. 

Results. The rate of DNA synthesis in the bone marrow of irradiated guinea pigs 
6 hr after irradiation is only 13-35 per cent of DNA synthesis in the bone marrow of 
unirradiated animals. We attempted to increase the rate of DNA synthesis in the bone 
marrow of irradiated animals by adding various substances. Initially it was determined 
that a fresh chick embryo extract increased DNA synthesis in irradiated marrow 
tissue. The increase in DNA synthesis after addition of the extract was very consid- 
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Fic. 4. The leucocyte level following the use of deoxycytidine. 
The average leucocyte count (in thousands) is given along the ordinate 
and the time in days along the abscissa. 


erable; DNA synthesis in irradiated bone marrow rose to 90 per cent of the value 
for unirradiated marrow tissue. The nucleotide fraction of the embryo extract had 
the same effect as the complete embryo extract. On the other hand the fraction con- 
taining the nucleosides inhibited DNA synthesis. Therefore in subsequent tests we 
assayed the effect of various nucleotides on the DNA synthesis of irradiated marrow 
tissue. Preparatory tests showed that deoxyadenylic and deoxycytidylic acids had 
the greatest influence on DNA synthesis in irradiated bone marrow [18]. It was 
apparent also that irradiated marrow tissue, as opposed to unirradiated bone marrow, 
dephosphorylates deoxycytidylic acid during incubation. |Adenosinetriphosphoric 
acid did not increase DNA synthesis in irradiated bone marrow, but did increase 
it in unirradiated tissue. 

Later a detailed study was made of the action of deoxycytidylic acid at different 
concentrations, and a comparison was made of its action on irradiated and unirra- 
diated tissue. A study was also made of the effect of cytidylic acid obt ained from an 
alkali RNA hydrolysate. The results are presented in Table 2. 


TABLE 2. THE EFFECT OF NUCLEOTIDES ON DNA SYNTHESIS IN BONE MARROW 


‘The relative rate of DNA synthesis 
Deoxycytidylic acid Cytidylic acid 


| 
Concentration | 


(mg/ml) Bone marrow | Bone marrow 
| 


| Irradiated Unirradiated | Irradiated | Unirradiated 


| 
~ | 
6 4 | 
5 
q 
4 
ate 
10 | 10 | 
115 0 100 
“4 
90 89 100 106 
107 10) | 140 
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It can be seen from the table that deoxycytidylic acid increased DNA synthesis 
in irradiated bone marrow and had no effect on unirradiated tissue. On the other hand 
cytidylic acid increased DNA synthesis in unirradiated bone marrow (at a concen- 
tration of 10 mg/ml) and had no great effect on irradiated tissue. The individual 
results are average values for not less than two parallel determinations, each the average 
of two measurements. 
DISCUSSION 


The idea which led to this work, was that a lack of precursors or disturbance of 
their synthesis may be one of the causes of the dislocation in DNA synthesis which 
follows irradiation. The precursors of DNA are deoxyribonucleotides [19]. 
Recently, |free deoxyribonucleotides have been reported by several authors 
in lymphatic tissue following irradiation. It is interesting that these substances were 
pyrimidine deoxyribonucleotides only, substances which had a positive effect on 
animals in our tests. The fact that their effect in vivo was less than their effect in vitro 
(on DNA synthesis) is probably due to the increased phosphatase activity of irradiated 
haemopoietic tissues. Hence some of the injected deoxyribonucleotide is destroyed 
before its effect can become apparent. These tests have shown that the action of 
deoxyribonucleotides is ccmplex and not solely related to the replacement of a deficient 
material. Increased DNA synthesis or increased haemopoiesis implies that all the 
requisite nucleotides must be available at the one time to explain the effect as that 
of simple replacement. However in our tests the presence of a single deoxyribonucleotide 
was sufficient. We were not able to observe any positive effect of ribonucleotides 
(cytidylic acid, ATP) on regeneration and DNA synthesis. On the other hand Luchnik 
[ 20] found that a ribonucleic acid fraction (from yeast) had a comparatively favourable 
effect following irradiation. Stapleton, et alia [21] also obtained positive results with 
a bacterial ribonucleotide fraction. It seems to us, however, that the methods of 
preparation used in these experiments were not such as to exclude traces of deoxy- 
ribonucleotides. It is possible that the same factor was not excluded in the experi- 
ments of Jaroslaw and Taliaferro [22], who observed that there was a more rapid 
restoration of antibody production in irradiated rabbits following injection of extracts 
of yeast, tumour cells and spleen. 


SUMMARY 


The effect of certain nucleotides and nucleosides on haemopoietic tissue after 
irradiation was investigated experimentally. Their in vitro action was estimated by 
their effect on DNA synthesis in a bone marrow tissue suspension. In in vivo experi- 
ments the survival of irradiated and control animals was compared and the blood 
picture was examined. In the conditions under which our experiments were carried 
out, certain deoxyribonucleotides had a positive effect. Ribonucleotides had no 
substantial effect, while deoxyribonucleosides (deoxyuridine, deoxycytidine) had 


a detrimental effect. 
Translated by C. R. PRINGLE 
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WE have previously shown [1,2] that the reticulo-endothelial cells absorbed inert 
colloids less easily when the animal was given a whole-body X-ray dose of 1000 r. 
The effect was largest at 24 hr after the dose, i.e. when the macromolecular compounds 
in the tissues were maximally depolymerized. We assumed that the surface properties 
of the cells were much changed by this depolymerization, but the system was so complex 
that it was hard for us to interpret the effects clearly. It may be that the colloid was 
first adsorbed by the surface, and then absorbed by the cell because the macromolecules 
and cellular structures engulfed it (ultraphagocytosis) [3]. 

We have used free cells that show no marked phagocytic action, namely erythrocytes 
and Erlich ascites cells, to study the changes that irradiation causes. Several studies 
have been made of how the surface properties of free cells (mostly erythrocytes) are 
affected by large doses of ionizing radiation. Ting [4], Halbstaedter [5, 6], Sheppard 
[7] and others have given erythrocytes X-ray doses in the 50-2000 kr range, and have 
found that the properties change so much that the cells may haemolyse completely. 
The radiation affects the lipoproteins that cover much of erythrocytes’ surfaces 
(Tullis [8], Parpart [9]). Zacek [10] has shown from electron micrographs that the 
lipoprotein globules on the surfaces are largely destroyed by a dose of 24 kr; protein 
filaments replace the globules. The effects may begin at lower doses. Ting [I1] has 
shown that the erythrocytes’ permeability to potassium is changed by doses as low 
as 0-4 kr; this fact also shows that the surfaces are affected by small doses. 

We have used inert radioactive colloids to detect the changes small doses cause 
in the surface properties of free cells. The cells were rabbit erythrocytes and Erlich 
ascites cells; the colloid was colloidal silver that contained about 0-16 uc of !!°Ag 
per ml and that was stabilized with gelatin by Wheeler’s method [12]. 

The cell suspensions were irradiated in layers not more than 1 cm deep in vitro 
with a RUP-1 X-ray unit that was.worked at 190 kV, 15 mA, unfiltered, to give a dose- 
rate of 667 r/min. In all cases we used 1000 r doses. In the first set of tests we 
used heparinized rabbit blood, taken from the marginal ear vein (10 m.eq.d. per 10 ml 
of blood). The blood was divided into two parts, one of which we irradiated ; the 
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other was the control. The two parts were kept at +4°C in a refrigerator for 24 hr. 
We found that the erythrocytes’ sorption had changed appreciably at 4 hr after irradia- 
tion, but that the changes were most marked at 24 hr. 

The cells were centrifuged off and washed with 0-99/) NaCl in M/15 phosphate 
buffer (pH 7-38), and were then suspended in this same solution. The radioactive 
silver colloid was then added (0-1 ml to 1 ml of blood). The mixture was left to stand 
for 15 min at room temperature, and was then centrifuged ; the deposit was washed 
with isotonic saline until the supernatant showed no radioactivity, and was then 
transferred to a counting dish ; the solid was ashed in a muffle furnace. The §-emission 
was assayed with an°end-window counter. All the assays were done under strictly 
standardized conditions (constant counting geometry), so the results can be compared 
in terms of the counting rates. Table | gives the results ; it is clear that the radiation 


TABLE 1. CHANGES IN UPTAKE OF COLLOIDAL RADIOSILVER BY BLOOD CELLS 
24 HR AFTER IRRADIATION (1000 r)* 


Activities of Cells 


Control Irradiated Fall relative to 
ment No. 
(counts/min) (counts/min) control (°/,) 
l 579 334+13 40 
2 591+19 345+-11 42 


577 +34 320 +14 45 


n 6 


caused the cells to absorb less colloid. The role of the plasma had then to be studied, 
because we used whole blood. The plasma from the irradiated blood was transferred 
to the control cells, and vice versa, as soon as the irradiation had finished. The two 
lots of plasma were then replaced by the 0-99/) NaCl in M/15 phosphate buffer, and 
: : the silver colloid test was applied as above, after the two samples had stood for 24 hr. 


TABLE 2. THE ROLE OF PLASMA IN COLLOIDAL RADIOSILVER 
UPTAKE BY RABBIT BLOOD CELLS* 


Cell activities 
Blood composition counts °/ of 
‘0 
per 
minute control 


Control plasma + control cells 731+38 100 


Irradiated plasma + control cells | 768+27 105 
Control plasma + irradiated cells | 449+18 61 
| 


Irradiated plasma + irradiated cells 429 + 30 59 
Physiological saline + control cells 703 +25 96 
Physiological saline + irradiated cells 398 +11 54 
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Table 2 gives the results. It is clear that the plasma is not responsible for the changes, 
which occur in the cells themselves. 

The above method gave us the amounts of the colloid that were tightly bound 
(were not washed out by the saline). A slight change in technique gave us the amounts 
that were weakly bound, and how the uptake varied with time. Fresh heparinized 
blood was given 1000 r doses and was then treated as previously, up to the stage where 
the silver colloid was added. The two blood specimens were then placed in a therm- 
ostat at 37 C, and were sampled at intervals. The cells were centrifuged off and 
the supernatants (0-2 ml) were assayed. Fig. | shows how the activities of the superna- 
tants fell on account of colloid loss. 


min 


Fic. 1. Activity changes in the medium bathing blood cells (/) Control cells, 
(2) irradiated cells, both at 37°C; (3) and (4) as (/) and (2), but at 0°C; (5) 
control erythrocytes, (6) irradiated erythrocytes, 37°C. n=4. 


The surface properties of cells are related to metabolic processes within them, 
so it was of interest to see how the cells took up the colloid at 0°C (Fig. 1). The cells 
had much less tendency to take up the colloid, and the control and irradiated cells 
were nearly the same. 


All these tests were done with unseparated cell mixtures that consisted mainly 
of erythrocytes. Our tests with erythrocytes that had been separated by fractional 
centrifugation gave like results, and so Fig. 1 shows that the surfaces of erythrocytes 
are changed by irradiation. Radioautographs from blood smears also showed that 
the erythrocytes took up most of the colloid. The erythrocytes gave the radioauto- 
graphs, and not the isolated leucocytes. 
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The tests were repeated with Erlich ascites cells* taken in a steriie fashion from 
unmated white mice 8 days after the tumour cells had been injected. The ceils were 
centrifuged off at 3000 rpm and were washed with Ringer; the preparatoin 
(20,000 cells/mm) was divided into two parts, one of which was irradiated in the same 
way as for rabbit blood. Fig. 2 shows the results. The control cells absorbed the colloid 
rapidly, and absorption was complete within 15 min. The irradiated cells did not 
absorb nearly so well. Normal cells did not absorb, either, if they were cooled to 0°C, 
as we found with erythrocytes. Any changes in the surface properties of the cells 
should affect their electrokinetic potential. We checked this as follows. Dvorkin’s 
[14]? modification of an Abramson—Moyer chamber [13] was used to measure the 
erythrocytes’ mobility in an electric field. The chamber was 0-1 mm deep; the current 
was 750 uA, which caused a field of 5 V/cm in the M/15 phosphate buffer (pH 7-4). 
We found that the irradiated erythrocytes moved 7-10 per cent more slowly than 
did control ones, so their electrokinetic potential must have been lessened. These 
results show that 1000 r doses given in vitro to erythrocytes and to Erlich ascites cells 
reduce the cells’ tendencies to absorb silver colloid. Normal cells finish absorbing 


Counts / min 


Fic. 2. Activity changes in the medium bathing ascites cells (/) Control 
cells, (2) irradiated cells, 37°C ; (3) control and irradiated cells, O°C. 
n=4. 


the colloid within 10-15 min; this rapid absorption must be caused by the surfaces 
of the cells. 

Cosselin [3] has found that macrophages and leucocytes equilibrate in adsorption 
* The strain was supplied by the Strains Laboratory at the Institute of Experimental Pathology 


and Cancer Therapy, Academy of Medical Sciences of the U.S.S.R. 
t G. A. Dvorkin assisted in these measurements. 
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with colloidal gold in 10-15 min; this is the first (rapid) stage of phagocytosis. The 
second stage (absorption into the cells) takes several hours. Ganz [15] has used colloidal 
gold with leucocytes to show that the uptake is proportional to the time, as Hanks 
[16] has found for bacteria absorbed by leucocytes. This indicates that erythrocytes 
bind the colloid in a different way under our conditions. It is hard to suppose that 
the silver colloid penetrates into the cells, since only specialized cells such as macro- 
phages, leucocytes, ete., can engulf foreign submicroscopic particles. We can thus 
suppose that the silver colloid is adsorbed on the erythrocytes. 

Abramson [17] has shown that free cells have negative surface charges ; Cosselin [3] 
supposes that leucocytes have chemically heterogeneous surfaces, and assumes that 
some areas are positively charged; these areas adsorb the negatively charged gold 
colloid. It may be that erythrocytes also have heterogeneous surfaces, and that only 
certain areas adsorb the colloid. We have shown above that erythrocytes and Erlich 
ascites cells lost their power to absorb rapidly within 24 hr of receiving 1000 r doses ; 
we take this to mean that the surfaces were much changed. The changed mobilities 
we have found for erythrocytes must have been caused by changes in the surfaces. 
Free cells largely lose the power to sorb the colloid at 0°C, whether or not they have 
been irradiated. 

Rothstein [18] has also asserted that sorption by living cells and metabolism are 
closely related ; the structures of the cells’ surfaces are not the only factor that deter- 
mines the absorption. 


SUMMARY 


(1) Erythrocytes and Erlich ascites cells have been used to study the effects of 
X-rays on the sorption of !!0Ag-labelled colloidal silver. 

(2) Control cells reach equilibrium with the colloid in 5-10 min at 37°C. 

(3) Doses of 1000 r reduce the sorption; the maximum reduction (40 per cent) 
is found after 24 hr. 

(4) Much less silver is taken up at O0°C. 

(5) The erythrocytes’ electrokinetic mobility is reduced by radiation. 

(6) The sorption behaviour of erythrocytes and of Erlich ascites cells is changed 
by irradiation ; the changes indicate that the surfaces are affected, and that the effects 
are related to metabolic processes. ‘ 

| am indebted to Professor A. M. Kuzin for his constant advice and assistance 
in this work. 

Translated by J. E.S. BRADLEY 
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THE EFFECT OF RADIATION DOSE ON THE RESISTANCE 
OF IRRADIATED ERYTHROCYTES IN ALKALINE MEDIUM 
AND THE LATENCY OF ALKALINE HAEMOLYSIS* 


K. S. TRINCHER 


Institute of Biophysics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 5 June 1958) 


It has been demonstrated by a number of authors that irradiation of blood produces 
structural changes in the erythrocytes, resulting in haemolysis at high doses [1-4]. 
The structural changes in the surface layer of red blood corpuscles are reflected in 
changes in the permeability, osmotic properties [5], thermal resistance [6], surface 
charge [7] and photolability [8] of the cells. Suppression of the sorption properties 
of erythrocytes has been observed at relatively low irradiation doses [9]. As Kuzin 
and his co-workers have shown, the sorption properties of cells of the reticulo-endo- 
thelial system are less evident following total body irradiation [10, 11]. These authors 
ascribe this change to radiation-induced changes in the surface layer of these cells. 
Alteration of the functional activity of a cell in response to radiation damage of its 
surface is evidently a symptom common to all types of cells, probably connected with 
destruction of the lipoproteins present in the cell surface [12]. It was therefore of 
interest to determine the radiosensitive portion of the structure of the lipoprotein 
complexes of the cell membrane of an erythrocyte, and to clarify the nature of the 
dose-dependence of radiation damage of the surface layer of an erythrocyte. 

* Biofizika 4: No. 1, 78-83, 1959. 
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EXPERIMENTAL METHODS AND RESULTS 


Radiation induced alterations in the surface structure of erythrocytes were investi- 
gated by a method involving determination of the acid and alkali resistance of erythrocy- 
tes in isotonic conditions [13]. Irradiation of the blood was carried out at doses which 
did not cause haemolysis in neutral medium. Haemolysis, however, occured on 
subsequent transfer of irradiated blood into an isotonic solution with a sufficiently 
high concentration of H and OH ions. 

The experiments were performed with fresh rats’ blood which was mixed with 
an equal volume of an isotonic solution, consisting of physiological saline and a 5 per cent 
solution of sodium citrate in proportions of 3:1. The diluted and citrated blood was 
divided into aliquots which were irradiated with soft X-rays for different periods of 
time. The dose rate was 10 kr/min. Immediately after irradiation a drop of blood 
from each aliquot was placed in equal volumes of different isotonic buffer solutions 
with pH values ranging from 3-6 to 12:3*. The ratio of the volume of native blood 
to buffer was approximately | : 350, a value which corresponded to one drop of 
diluted and citrated blood in 5 ml of buffer solution. 


A homogeneous opaque turbid yellowish suspension was obtained by stirring. 
Inspection for haemolysis was carried out after fixed periods of time. Haemolysis 
was determined visually on the basis of loss of turbidity and the degree of transparency 
of the solution. Complete haemolysis only was recorded, i.e... a completely clear, 
optically transparent, solution and loss of the yellow colouration. The results of the 


experiments are given in the table. Haemolysis is represented by a + sign, and its 
absence by a — sign. As can be seen from the table, at any particular acidity haemo- 
lysis occured in all samples of both irradiated and unirradiated blood at almost identical 
times. Approximately identical resistance in the case of irradiated and unirradiated 
blood was observed at different pH values in the acid range. The onset of haemolysis 
was advanced somewhat only in the case of the highest doses of radiation. At the 
end of 20 hr exposure of the drops of blood in acid buffers the limits of resistance of 
erythrocytes from both the irradiated and the unirradiated aliquots differed by only 
about 0-4 of a pH unit. The zone of transition, separating non-haemolysed erythrocytes 
from haemolysed erythrocytes, extended from pH 4-2 to 4-6 in the acid range for both 
irradiated and unirradiated blood. Thus radiation-induced damage of the surface 
layer of erythrocytes did not produce any sharp displacement of the haemolysis limit 
in isotonic acid medium. On the other hand, in alkaline buffer a distinct difference 
in resistance to the effects of the medium was observed between irradiated and unirra- 
diated blood. Radiation induced damage of the surface of erythrocytes produced 
a decrease in the resistance of cells in alkaline medium. The limit of resistance of 
irradiated erythrocytes in alkaline medium was displaced more towards the neutral 

* The acid buffer was prepared from a mixture of 0-2 M Naz HPO, and 0-1 M citric acid containing 


4-1 g NaCl per litre. The alkaline buffer was prepared from 0-1 N HCI or 0-1 N NaOH and 0-1 N 
borax where | litre of the borax solution contained 3-9 g NaCl. 
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point, the higher the dose of radiation. The displacement of the limit of resistance 
was as much as 3 units in the case of high doses. 

In an isotonic buffer solution of pH ~ 12-3 haemolysis occured after a relatively 
prolonged latent period which exceeded 5 hr in the case of unirradiated blood. As can 
be seen from Table 1, the latent period preceding haemolysis was less for irradiated 


TABLE 1. VARIATION OF HAEMOLYSIS WITH D932 PH, AND TIME 


11.0 | 11.5 12.3 


a 


Time of obser- 
vation (in hours 
from moment 
of introduction 
of blood into 
buffer solutions) 


Dose in kr 


No haemolysis 


No hamolysise 


| 
3.8 | 40 | 42 | 44 | 4.6 | | 8.2 | 86 | 89 | 93 | 95 | 99 | 
ite 10) + — 
30;+ — 
—] 
90 | + — — 
5 + » — + 

90 | + — +- 

15 + — + + + + 

+ 4 —- — + 4 + + 
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blood than for unirradiated blood. In order to detect a quantitative relation between 
the latent period preceding haemolysis and the radiation dose, special experiments 
were arranged in which the time of onset of haemolysis was determined photometrically. 
The kinetics of haemolysis were studied by extinction measurements using a photo- 
electric colorimeter (type FEK-M). Fresh citrated blood, prepared as in the preceding 
experiments, was irradiated with soft X-rays at doses from ~ 10 to ~ 320 kr. In 
each experiment 7 aliquots received different doses of radiation, and one unirradiated 
aliquot served as a control. Immediately after irradiation 2 drops of each aliquot 
were mixed with 10 ml of an isotonic buffer solution (pH ~ 12-3). The moment of 
introduction of the drop of blood into the buffer was recorded and this time was 
taken as the beginning of the latent period associated with haemolysis. The kinetics 
of the haemolysis following the latent period were studied photometrically. The extinc- 
tion values for each sample were recorded after fixed periods of time. Up to the beginning 
of haemolysis and throughout the latent period all the blood samples remained turbid 
and the extinction value exceeded 100. Commencement of haemolysis was characterized 
by an abrupt decline in the extinction value. Extinction values were determined for 
a fixed period of time until the least values, which did not change with time, were 
obtained. This point signified the end of haemolysis. 

The results obtained from one of these experiments with rats’ blood are illustrated 
graphically in Fig. 1. Twenty experiments in all were performed. Since differences 
in the extinction values were dependent on changes in the quantitative proportions 
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Fic. 1. The change of the extinction coefficient [¢] during the haemolysis of 

an erythrocyte suspension subjected to various doses of irradiation. K — con- 

trol blood. The figures against the curves give the dose of radiation. Dose 
rate ~ 10 kr/min. 
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of lysed and intact erythrocytes, it follows that these curves illustrate the kinetics of 
haemolysis for each blood sample. 


As can be seen from Fig. 1, the kinetics of haemolysis were identical for each of 
the samples of irradiated and unirradiated blood examined. All the curves lie parallel 
to one another and over a definite period of time there is a linear dependence of extinct- 
ion on time. Consequently haemolysis proceeded in an analogous manner in all 
cases and was not dependent on the magnitude of the radiation dose in the dose range 
selected. The different curves, however, are displaced in time. This indicates that 
the latent period preceding haemolysis was dependent on the preliminary dose of 
radiation. To demonstrate this dependence of the latent period on the radiation dose, 
it is necessary to select an identical numerical extinction value for each sample of 
irradiated or unirradiated blood. In Fig. | a line has been drawn parallel to the abscissa, 
corresponding to an extinction value of 50. This value is slightly above the minimum 
(limiting) extinction value (35-38), which corresponds to a state of complete haemo- 
lysis and lies in the zone of maximum sensitivity of measurement. The line representing 
an extinction value of fifty intersects each curve at a point giving a time when the 


0 50 250 500 kr 


Fic. 2. The effect of the radiation dose on the latent period associated 

with haemolysis in alkaline solution. / — immediately after irradiation; 

2 — after 24 hr. Dose rate — 10 kr/min. ¢t — time of onset of haemo- 
lysis in minutes. 
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degree of haemolysis had reached a particular value, the same for each sample. Time 
of onset of haemolysis is plotted against dose of radiation in Fig. 2 (curve 1). 


DISCUSSION 


The linear dependence of extinction on time represents the final phase of haemo- 
lysis — the passage of haemoglobin from the cell into the extracellular medium — 
both in the case of irradiated and unirradiated blood. The maximum change in the 
extinction value corresponds to complete loss of haemoglobin from all the cells, while 
the gradient of the curve is determined by the differing resistance to alkaline haemolysis 
of different erythrocytes, depending on their individual characteristics and especially 
on their age [14]. The relative displacement of the curves in time indicates that the 
latent phase of haemolysis is shorter the greater the preceding radiation damage of 
the cells. As can be seen from Fig. 2, the dose-effect relation is a simple decreasing 
exponential function. It can be considered that the cell surface contains a large number 
of quite independent radio-sensitive spots, which are subject to damage according 
to the target theory [15], and that this damage affects the length of the latent period 
of subsequent alkaline haemolysis. 

Radiation-induced damage of the surface layer of erythrocytes is an irreversible 
process. Irradiated and unirradiated blood exhibits an increased tendency to undergo 
haemolysis after storage of the blood for 24 hr at —4°C. The curve obtained in an 
experiment with “old’’ blood of this type is displaced downwards (curve 2, Fig. 2). 

The radio-sensitive spots of the cell surface are evidently the structural zones where 
the lipoid components of the lipoproteins are concentrated. This is responsible for’ 
the differences in the observed resistance of irradiated blood in acid and alkaline media. 
The abrupt decline in the resistance of irradiated erythrocytes in alkaline medium 
is evidently related to radiation damage of the lipoid component or the protein bound 
to it, since it is well known that an alkaline medium brings about lipoid hydrolysis. 


SUMMARY 

(1) The resistance of irradiated erythrocytes to the subsequent effect of an alkaline 
medium was greatly reduced in comparison with the resistance of unirradiated ery- 
throcytes. This phenomenon is evidently connected with radiation damage of the 
lipoid components of the lipoproteins in the surface layer of the cell. 

(2) The resistance of irradiated erythrocytes to the subsequent effect of an acid 
medium was approximately the same as that of unirradiated erythrocytes. 

(3) The dependence of the latent period associated with alkaline haemolysis on 
the dose of radiation appeared to be a simple decreasing exponential function. 

(4) It is suggested that the surface layer of an erythrocyte contains a large number 
of independent radio-sensitive spots, which are subject to radiation damage according 
to the target theory. 

In conclusion it is my welcome duty to express my thanks to Professor A. M. Kuzin 


for his valuable counsel during the fulfillment of this work. 
Translated by C. R. PRINGLE 
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MINERAL UPTAKE BY PLANT ROOTS AFTER 
X-IRRADIATION * 


Il. M. VAsiL’Ev and N. D. RYBALKA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 15 May 1957) 


Kuzin and Strazhevskaia [1] have shown by radioisotope methods that the roots 
of 4-day seedlings of Lutescens-62 spring wheat that have received 1000 r doses of 
X-rays showed lessened phosphorus and !4C-glycine uptake in the first few hours 
after irradiation, and that the seedlings subsequently recovered and took up the materials 
just as rapidly as did the controls. Doses of 3000, 10,000, 15,000 and 20,000 r produced 
no larger depressions of the phosphorus uptake. Forssberg [2] found that radiation 
did not alter the uptake by oat-seedling roots. Our work extends Kuzin and Straz- 
hevskaia’s, but we used a different method. 


* Biofizika 4: No. 1, 84-88, 1959. 
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METHOD 


We used seedlings from Moskovka spring wheat and 599 winter wheat, selected 
by the Institute of the Grain Industry for the Non-Black-Earth Region. Preselected 
healthy seeds of uniform size (superelite) were soaked in tap water and were then 
spread out on perspex grids on Koch dishes that were filled to the top with tap water. 
The seedlings were then grown, with the temperature and light intensity constant 


(in a lumistat). 

The dishes to be used for the experiments of any one day were examined ; equal 
numbers of seedlings of equal size were selected from them, and were transferred to 
Petri dishes into which we ran exactly 50 ml lots of tap water of known electrical 
conductivity. The dishes were replaced in the lumistat for 2-3 hr; the water was then 
taken for conductivity measurements, and the plants were irradiated. 


1. CHANGES IN ELECTROLYTE CONTENT OF THE WATER PRODUCED BY KEEPING 


SPRING WHEAT ROOTS IN IT (RESISTANCES IN OHMS) 


TABLE 


Irradiated Plants 


Test 
No Dose Controls Measured Measured 
at once after a day 


I a 1088 + 6 1088 +6 1095 +1 


1000 b 1125+6 113244 1135+6 
b—a 37+8 447 40+4 


40—37=3+9 


Difference between irradiated and control 


2 a 9844.2 984-42 1022 +2 
3000 1018-7 1042-42 1059-4 
b—a 3447 5843 3744 


Difference between irradiated and control 58—34=24+7 37—34=3+8 


3 a 
3000 b 1218+3 1242+4-4 
Difference between irradiated and control 


4 a | 1179+1 
5000 b 1242+4 1265 +-3 1248 +6 
b—a | 6344 864.9 6347 
Difference between irradiated and control 86—63 = 23 +1 63—63=0 
5000 b | 1275+5 1286 +5 
Difference between irradiated and control 1286—1275 


11+7 


Note: The resistances are in ohms: a= before the roots had been inserted, b= after the roots had 


been inserted. 
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We used a RUM-3 unit without a filter at 180 kV 10 mA (dose-rate 234 r/min). 
The roots were placed directly under the tube, which it was easy to do because of the 
way the plants had been grown. The roots were covered with a moist gauze cloth to 
prevent their drying up during the time of irradiation. 

The plants were then replaced at once in Petri dishes and the tests with the water 
were repeated, as was done immediately before the irradiation. The difference between 
the electrical conductivities of water samples that had been in contact with irra- 
diated and with control seedlings gave a measure of the roots’ absorbing power. 

The assumptions on which the method is based are that 
(1) plant roots absorb minerals as electrolytes; we were therefore justified in using 
conductometric methods ; 

(2) the tap water, here of river origin, contained in small amounts all the minerals 
that the plants needed; it could be considered as being a weak nutritive solution. 
The mineral content could be estimated by comparing the water with Mayer’s solution, 
which is used in hydroponics, and with distilled water. Mayer’s solution has a resis- 
tance of about 800 2; our tap water, of about 1000 2; and distilled water, of about 
100,000 2. The tap water was thus much nearer in electrolyte content to Mayer’s 
solution than it was to distilled water. The nutritive properties of the tap water can 
also be judged from the plants’ growing normally in every way if the water was changed 
daily. 

RESULTS 

Spring wheat 

We used doses of 1000, 3000 and 5000 r in this case; 6 dishes were used for each 
dose, and each dish had 100 plants. The roots were kept in the water for 2 hr before 
and after the irradiations. In each series there was some difference, such as the age 
of the seedlings or the electrolyte content of the water, which varied from day to day. 
These differences were without effect, though, since the irradiated plants and the 
controls were kept under identical conditions. Table 1 gives the results. 

It is clear that none of the doses depressed the mineral uptake ; at 1000 r the irra- 
diated and control plants absorbed amounts that were equal within the errors of 
experiment. Small differences were found at 3000 and 5000 r, with the irradiated 
ones tending to absorb more than the controls did. The effect was slight and was 
seen only just after the irradiations. 


Winter wheat 

We used doses of 10,000 and 50,000 r in this case. It would have been difficult 
to have used six sets of plants at such high doses, since our RUM-3 gave a low dose- 
rate, so we used 3 dishes at 10,000 r, and one dish only at 50,000 r. Each experiment 
was done several times, though. The measurements were made once, immediately 
after the irradiations. 

We also did tests in which we measured the uptakes shown by whole 2-day seedling. 
We took 250 identical seedlings, covered them with 50 ml of tap water and left them 
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for 3 hr before irradiation ; they were also placed in the same amount of fresh water 
i mmediately after irradiation. In test No. 2 we also used irradiated seedlings that 7 
had bee n killed by heating them to 100°C. Tables 2 and 3 give the results. _ 


TABLE 2. CHANGES IN ELECTROLYTE CONTENT OF THE WATER 
PRODUCED BY KEEPING WINTER WHEAT ROOTS IN IT 


Resistance (‘2) 


Controls Irradiated a—b 
a b 

10,000 1206 1182+-12 24+12 
2 10,000 114443 1126+.3 18+7 
3 10,000 1215+3 1199 +5 16+6 
4 50,000 1094 1069 25 
2 50,000 1106 1093 13 
6 50,000 1020 925 | 95 


It is clear that in all cases the doses of 10,000 and 50,000 r caused the plants to 
take up less mineral than the controls. The same is true of whole seedlings that were 
given 50,000 r, though the differences were in all cases slight, as can be seen very 
clearly if the irradiated live plants are compared with those that were killed by heating. 


TABLE 3. ELECTROLYTE CONTENTS OF WATER AFTER CONTACT WITH 


SEDLING 
Resistances (2 
Test. No. Dose (r) Before After 
irradiatoin | irradiation 
a b 
l 50,000 | 953 845 8 
2 50,000 959 933 26 
Seedlings boiled | | 654 | 
for 20 min 933—654=279 
DISCUSSION 


The results show that X-ray doses of from 1000 to 50,000 r caused almost no changes 
in the uptake of minerals by wheat seedlings, or by their roots. The uptake process 
was insensitive to radiation. This is an additional proof that the physiological processes 
of vacuolized plant cells are very radio-resistant [3, 4]. There is an essential difference 
between meristem cells (which are not vacuolized) and working cells (which are) ; 
the roots taking up minerals is clear proof of this. The meristem zone in the roots 
does not have this function, and vacuolized cells are the only ones that absorb minerals. 
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The vacuolized cells do not grow or divide ; only the meristem cells do this, and the 
vacuolized cells only do grow and divide (e.g. during germination), before the meristem 
cells are formed. 

Our data show that the physiological processes in meristem and working cells 
differ greatly in radiosensitivity. Cell growth and division in wheat seedlings were 
completely suppressed by doses of only 3000 r, which transform the meristem cells 
to vacuolized ones. These doses scarcely affected the mineral uptake, which continues 
unchanged even when doses of 10,000 and 50,000 r are given (see also [9]). 

This is the most important result that our experiments give, though they give 
other results as well. Doses of 3000 and 5000 r stimulated the plants slightly, but 
the effect soon vanished. The effect was perhaps caused by the more rapid movement 
of the protoplasm after moderate doses had been given [5-8]. The protoplasm is 
in part responsible for carrying substances, and so, if it moves more rapidly, we might 
expect the mineral uptake by the roots to be affected. Doses of 10,000 and 50,000 r 
depressed the uptake right from the start ; although the effect was slight, it was quite 
clear. The effect can be interpreted as having been caused by a general reduction 
in the vitality of the working cells that results from the high doses. Very large doses 
(100,000-1,000,000 r or so) kill even the most radio-resistant cells. This major effect 
must be preceded by less marked effects that are caused by damage to the protoplasm. 
The initial stages of such damage can be detected in the results that we have given 
above. 


SUMMARY 


Wheat seedlings were given radiation doses of 1000, 3000, 5000, 10,000 and 50,000 r ; 


it was found that: 
(1) mineral uptake is very insensitive to radiation, and is almost unaffected by the 


above doses; 
(2) a slight stimulation was detectable immediately after doses of 3000 and 5000 r; 


the effect soon vanished. Doses of 10,000 and 50,000 r depressed the uptake 
somewhat. 


Translated by J.E.S. BRADLEY 
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BIOCHEMICAL CHANGES RESULTING FROM LARGE 
DOSES OF IONIZING RADIATION* 


R. E. LIBINZON 


(Received 7 February 1958) 


Stupy of the effect of massive doses of ionizing radiation, ten to a hundred times 
greater than the minimum lethal dose, is of especial interest in radiobiology because 
death due to this cause occurs in a period of minutes or hours before any secondary 
effects can develop. Thus investigation of the effect of doses of radiation which cause 
rapid death provides a means of obtaining information on the more or less primary 
effects of ionizing radiation. There is very little in the literature on the effect of very 
large doses of penetrating radiation on mammals. Our information is especially limited 
in respect of the effects of such doses on in vitro biochemical processes [1-3]. 

In conjunction with S. V. Levinskii and V. K. Lemberg, we have observed three 
types of biological reactions in dogs and rats following massive doses of ionising 
radiation : 

(1) Irradiation of dogs with a dose of 114-240 kr causes death in 28-50 min 
during the actual course of irradiation. In rats death under irradiation occurred at 
doses above 150 kr. 

(2) At 15-120 kr a syndrome of nervous system disorders occurs in dogs which 
brings about the death of the animal in the first 24 hr after irradiation. The correspond- 
ing dose in rats is 25-150 kr. 

(3) Irradiation of dogs with 5-10 kr, and rats with 5-20 kr, leads to a special form 
of radiation sickness, the main symptom of which is affliction of the alimentary canal. 
Death occurs on the fourth day. The pathogenesis of this form of acute radiation 
sickness has been described in detail by Quaster [4]. 

When the dose of ionizing radiation falls below 1200 r the classic and exhaustively 
studied picture of radiation sickness is observed. The most prominent symptoms are 
damage of the haemopoietic system and disruption of the fundamental processes 
connected with this system (see also [1-4]. 

The present communication is a presentation of the results of some biochemical 
studies on dogs and rats treated with ionizing radiation in doses from 5 to 240 kr. 
In dogs the amount of nucleic acids in the tissues, the non-protein nitrogen, and the 
serum proteins, were determined ; in rats the cholinesterase and adenosinetriphosphatase 
activities of certain tissues were determined. 
* Biofizika 4: No. 1, 89-100, 1959. 
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METHODS 


Irradiation with y-rays was carried out in a special channel of a reactor, the dose 
rate being 3500-5000 r/min. In most of the experiments the small amount of neutrons 
present were absorbed in a cadmium chamber. Thirty dogs and 48 rats were involved 
in this work. The expzrime2ntal grouping of the dogs is given in Table 1. 


The organs of the animals were studied immediately after death. Analysis of the 
tissues was carried out 1-1-5 hr after death in the case of dogs which had died while 
in the radiation field. During the interim period the animals or the isolated organs 
were kept at 0°; for technical reasons earlier examination was not possible. In the 
analysis of the resuits from this group of animals there was the possibility of an effect 
due to autolysis; however, in special experiments involving unirradiated animals, 
no changes in the non-protein nitrogen of the serum were detectable during the first 
1-2 hr after death. Likewise, no changes were observed in the amount of nucleic 
acids in the tissues of irradiated dogs during the first 2 hr after death. 

Nucleic acid phosphorus was determined by the method of Schmidt and Tannhauser 
method [5], as modified by Davidson [6], in each of the following tissues of the dog: 
bone marrow, liver, spleen, testes and hypothalmus. 


THE NUMBER OF ANIMALS USED AND THE AVERAGE PERIOD 
MASSIVE DOSES OF PENETRATING RADIATON 


TABLE 1. 
OF SURVIVAL FOLLOWiNG 


No. of dogs | Average survival period 
in group | (hr) 


Dose (kr) 


Death occurred during the actual 
course of irradiation (28-50 min. 


exposure) 
60 4 10 hr 37 min 
30 4 14 hr 00 min 
15 3 22 hr 28 min 
2 
2 32 min 


In some animals preparations of deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA) were isolated by the method of Davidson and his co-workers, and the 
percentage contents of nitrogen and phosphorus were determined. Nitrogen was 
determined by the distillation method [7], and phosphorus by the method of Fiske 
and Subbarow [8]. 

The serum proteins were estimated from Kjeldahl nitrogen determinations, and 
albumins and globulins were separated using methanol (Pillimer and Hutchinson [9]). 
The non-protein nitrogen of the serum was estimated by precipitation of proteins 
with a 20°/) solution of trichloracetic acid (final concentration 69/9), followed by app- 
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lication to the filtrate of sulphuric acid and subsequent distillation. The non-protein 
nitrogen and the serum proteins were determined before irradiation, at different per- 
iods after irradiation and also after death. 

ATP-ase and general cholinesterase activity was estimated 1-5 hr after irradiation 
in the tissues of rats subjected to doses of 50 and 100 kr. The rats were decapitated 
and bled. The tissues were chilled during treatment. Estimation of cholinesterase 
activity was carried out by our own modification of Glik’s method [10]. Estimation 
of ATP-ase activity was by the method of Diubu and Potter, as described in Umbreit’s 
textbook [11]. 

RESULTS 

The average content of DNA and RNA phosphorus found in the tissues of irradiated 

and control dogs is shown in Fig. 1. From these results it can be seen that the bone 
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Fic. 1. The amount of DNA and RNA in 1 g of various tissues of 

dogs. BM —bone marrow, .S — spleen, L — liver, B— brain, T— 

testes, NW — unirradiated animals. The figures are for irradiated animals : 
(1) 60 kr, (2) 30 kr, (3) 15 kr, (4) 10 kr, (5) 5 kr. 
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marrow tissue of normal dogs is considerably richer in DNA than the other tissues 
which were examined (0-983-+-0-020 mg). These can be arranged in order of decreasing 
DNA content as follows: spleen, liver, testes and brain (0-088-+-0-017 mg), the latter 
containing less than a tenth of the DNA of bone marrow tissue. Brain and liver tissue 
had most RNA (0:536+-0-023 mg and 0-489-+-0-040 mg respectively). The amount 
of RNA in the other tissues was 1-5-2 times less than in the liver. 


Following a massive dose of radiation the nucleic acid content of the tissues was 
altered. The most marked decline in the amount of DNA and RNA present was 
observed in bone marrow tissue. The DNA content fell more markedly than the RNA 
content (Fig. 1). In the case of death during irradiation, the amount of DNA in | g 
of bone marrow tissue fell by almost 40 per cent, after 28-40 min exposure, while 
the RNA content was unaltered. After irradiation with 60-30 kr the DNA content 
fell by 2-5 times, and in dogs, which were treated with 5-10 kr and, which died 4 days 
later, the DNA content was only 6-71-+-1-1 per cent. The decline in the RNA content 
was less obvious. Some reduction was evident at 60 and 30 kr doses. In the animals 
which died at the end of 4 days the RNA content was 25-7 per cent of the corresponding 
values in the control animals. 


The number of nucleated cells in 1 g of bone marrow tissue was estimated in all 
experimental and control animals. The average number of cells in 1 g of bone marrow 
tissue from normal dogs is 10-56-+-0-57 « 108. This information makes it possible to 
calculate the average DNA and RNA content in a single bone marrow cell. In normal 
dogs the average concentration of DNA phosphorus in a single bone marrow cell 


equalled 9-43+-0-94 x 10°19 mg and that of RNA phosphorus 5-05+-0-62 10! mg. 
In dogs which died during the irradiation treatment the average DNA phosphorus 
content was only 4-66-+0-6 x 10°19 mg, i.e. it had been halved. The amount of RNA 
was almost unaltered (Fig. 2). 


DNA RNA 


Fic. 2. The average content of DNA and RNA in a single bone marrow 
cell. 

N — unirradiated animals. 1 — animals dying after 28-50 min irradia- 
tion. 
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In animals treated with doses from 60 to 5 kr and surviving for periods from several 
hours to 4 days, the calculated average figures for the concentration of nucleic acids 
in a single cell of bone marrow tissue do not reflect the true values, since cell death 
is accentuated during the removal of cellular detritus from this tissue and consequently 
the values obtained for one cell were high as a rule. 

Changes in the nucleic acid content of the other tissues examined were less clearly 
defined. The small decrease of DNA in the spleen of animals which died during irra- 
diation and after a 60 kr treatment, was not statistically significant. The amount of 
DNA in the spleen of animals which died after 22 hr (15 kr) was 56-1 per cent, and 
in dogs which died after 4 days it was only 25 per cent of the corresponding values 
for control animals. A decrease in the RNA content of the spleen was observed only 
in the group of dogs which received 5-10 kr, and survived about 4 days. 

The amount of DNA in the liver was markedly reduced in those dogs which received 
the lowest dose and survived the longest time. Changes in the amount of DNA in the 
liver at other doses were not found to be statistically significant. The RNA content 
of liver tissue was markedly reduced where death occurred during irradiation, while 
it was noticeably increased after doses of 60-30 kr (117-8 and 134-6 per cent of the 
average values for the controls) (Fig. 1). 

Determination of the nucleic acids in testes and brain (hypothalmic region) showed 
no evidence of a decline. Some slight increase, which however was not statictically 
significant in the majority of cases, was even observed at certain doses in these tissues. 

These considerable quantitative changes in nucleic acid content in the tissues of 
dogs subjected to massive doses of ionizing radiation suggest that one of the main 
reasons for the fall in nucleic acid content is direct destruction of the nucleic acids 
by products of the radiolysis of water, i.e. by active radicles (HO, HOs, etc.). It is 
possible that the direct action of y-quanta on the macromolecules of these compounds 
is of some importance. The work of Scholes and Weiss [12, 13] has shown that irradia- 
tion of solutions of nucleic acids with 20 to 6000 kr doses results in the destruction 
of the DNA molecules. 

Isolation of nucleic acids elementary analysis of the preparations obtained (N and 
P content) have demonstrated that substantial changes in the composition of DNA 
occur after irradiation (Table 2). Preparations of DNA isolated from the tissues of 
normal dogs contained from 12-2 to 15-69/) N and from 7-09 to 9-75°/) P. The N/P 
ratio varied within narrow limits (1:57-1:72), and did not differ from the values 
obtained by other workers [14-17]. In animals which died in the radiation field (dos- 
es above 100 kr), or in those which received 60 kr and died some hours later, the 
nitrogen content dropped to 8-43-11-55 per cent while the phosphorus content of the 
nucleic acid preparations was almost unchanged. The N/P ratio approached a value 
of 1-0 (1:00-1:20) instead of the usual 1-57-1-72. The N and P contents of RNA pre- 
parations isolated from the tissues of irradiated dogs differed little from those of the 
corresponding RNA preparations obtained from unirradiated animals (Table 2). 


| 
a 
| SY 
| 
A 
Wer 
| 
| 
ae 


Biochemical changes resulting from large doses of ionizing radiation 93 


TABLE 2. THE NITROGEN AND PHOSPHORUS CONTENT OF NUCLEIC ACIDS ISOLATED FROM THE TISSUES 
OF IRRADIATED AND UNIRRADIATED DOGS 


9/9 content 
N/P Footnote 


Preparation Tissue 


DNA Bone marrow 15°60 9°75 1°64 
Bone marrow | 12°20 7:09 1°72 a 

Liver 14°35 8°46 1°69 

Pe | Testes 13-05 8°24 1°57 
151 . | Bone marrow 10°03 9°72 1°06 b 
131 ss | Bone marrow 10°20 9°42 1:07 b 
114 pr Liver 9°87 9°18 1:08 b 
60 Liver 9-00 7°65 1°18 a 
151 Spleen 11°55 9°38 1:20 a 

60 - | Spleen 9°34 9°31 1:00 
60 Testes 8°43 7°80 1:08 a 
Nil RNA Liver 13°22 6°67 198 
Spleen 12°25 6°25 1°96 a 
Testes 14:95 Tor 1:97 a 
146 - Bone marrow 11°68 TSS 1°55 | a,b 
131 = Bone marrow 15°19 7°99 1°92 | a,b 
114 i Spleen 13°55 7°33 1°85 | a,b 
151 ‘i Spleen 10°35 6°91 1°50 a,b 


106 " Testes 14°30 7°60 1°88 a 


Note : a — The preparations did not receive special dehydration treatment. 
b — The nucleic acids were isolated from animals which died during irradiation. 


Study of the non-protein serum nitrogen of these dogs at definite intervals after 
irradiation showed that it rises considerably. In the case of animals which died during 
the irradiation treatment the non-protein nitrogen rose from 43 to 72-6 mg per cent, 
i.e. by 68 per cent (average figures for 10 animals). The non-protein nitrogen content 
of the serum is markedly increased in relation to the length of time elapsing between 
the end of irradiation and determination. As can be seen from the data in Fig. 3, 
the gradient of the curves illustrating the rise in non-protein nitrogen is determined 
by the dose employed. 

Comparison of the values for serum proteins before irradiation and immediately 
after the death of the animals (Fig. 4) showed that there was a considerable rise in 
general serum protein in irradiated animals. In the case of the animals which died 
during irradiation this increase was restricted to the globulins, while at lower doses 
both albumins and globulins were increased. An especially marked increase in the 
albumin level was observed at doses from 5-15 kr. 

From experimental results obtained from in vitro experiments, Barron et al. [18] 
postulated that the inactivation of thiol enzymes plays a prominent part in the mechan- 
ism by which radiation damage develops. However at present there is no unanimity 
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Fig. 4. 


Fic. 3. The content of non-protein nitrogen in the blood serum (in percentage 

of the amount of non-protein nitrogen before irradiation) at different times (7 in 

hours) after irradiation. (/) over 100 kr, (2) 60 kr, (3) 30 kr, (4) 15 kr, (5) 5 
and 10 kr. 


Fic. 4. The total proteins in the blood serum (in per cent). A—albumins, G—globulins, 
N — unirradiated animals, O — irradiated animals. (/) over 100 kr, (2) 60 kr, (3) 
30 kr, (4) 15 kr, (5) 15 and 10 kr. 


in the literature concerning the effect of radiation energy on these enzymes. Peterson 
etal. [19] and Le May [20] have shown that lethal irradiation of animals does not 
suppress the activity of thiol enzymes in the tissues. It was a matter of interest to 
check the activity of enzymes containing the SH-group in animals which had been 
subjected to massive doses of penetrating radiation. In Barron’s experiments [18] 
ATP-ase was one of the most radio-sensitive enzymes. 

Study of the ATP-ase activity of certain tissues showed that enzyme activity was 
almost unaltered in liver and striated muscle. A marked decrease in ATP-ase activity 
was observed only in the bone marrow, especially 5 hr after irradiation, when it had 
fallen by 50 per cent (Table 3). 

In brain tissue ATP-ase activity was increased in all groups, the largest increase 
being found | hr after a radiation treatment of 100 kr (134-3 per cent). In the spleen 
some increase in ATP-ase activity could be observed 5 hr after irradiation (50 kr). 


94 
, % 20 
af 10 
! 
/ 
: g 
\ 2 N \ 
300 4f / NN 
N WW NV WN | 
LA \\ \\ \ WN 
/ NY AS 7 AS 
A 
400 2 | 
Fig. 3. 


Biochemical changes resulting from large doses of ionizing radiation 95 


TABLE 3. THE ATP -ASE ACTIVITY OF NORMAL AND IRRADIATED RATS (IN MG P EXTRACTED FROM 
1 G OF TISSUE FOR 15 MINUTES AT 37°). 


| 


2| D S55 { | | 
| Spleen Liver Muscles Brain | Bone 
| | | | 
| Nil | — | 18°541:25*| 10°8+1°03 | 1674058 13°541:13 | 7-9+40°66 


7 

5 50 19°4+1°15 | 10°8+40°65 | 21°14+1°95 | 8:0+0°3 10°0+2°3 8°2+1°45 
5 

5 


|S br | 21°5+1°16 | 9°6+0°95 | 23°0+2°95 | 8°6+0°75 6°7+0°6 60+1°0 


100 1 br 15°94+2°90 | 12°2+1°70 23°2+1°8 9°040°85 | 77401 


| | 
| | 


* Standard error 


A 14 per cent decline in enzyme activity was observed | hr after a 100 kr dose. How- 
ever the alteration of enzyme activity in the spleen was not significant. 


TABLE 4. THE CHOLINESTERASE ACTIVITY OF THE TISSUES OF NORMAL AND IRRADIATED RATS 
(IN MG ACETYLHOLINE FROM IG OF TISSUE HYDROLYSED FOR 2 HOURS AT 37°) 


| 


Number Length of : 
of yea time after Brain Muscles Intestinal 
animals (kr) mucosa 


irradiation | 


10 Nil — 116°16+4°33* 30°86 + 3°74 112°89+5°54 
5 50 hr 118°34 45°91 34°12+4°86 | 127°05+3°25 
5 50 5 hr 116°89+6°72 | 35°59+4°52 113-98 +6°08 
6 100 1 hr 108°22 +3°55 36°91+417 | 105°27+2°87 


The results of the study of cholinesterase activity (the enzymatic activity of choli- 
nesterase is partially connected with the presence of the SH-group) in rats which received 
doses of 50 and 100 kr are given in Table 4. The results of this investigation show 
that no great decrease in the cholinesterase activity was observed in the brain, the 
intestinal mucosa, or the muscles. Muscle cholinesterase activity apparently increased 
at all doses, but the increases were not statistically significant even at the 100 kr level. 
The increase in cholinesterase activity of the intestinal mucosa was small and did 
not exceed 12 per cent (1 hr after a 50 kr treatment). 
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DISCUSSION 


Investigation of the effect of massive doses of y-radiation on certain biochemical 
processes has demonstrated the occurrence of considerable changes in the mammalian 
organism as a result of this treatment. Increase in non-protein serum nitrogen is 
strongly correlated with increasing dose and with the length of time elapsing between 
irradiation and sampling. This increase, according to our interpretation, is to a consid- 
erable extent determined by destruction of nucleic acids and proteins in the major 
radio-sensitive tissues, a process which is most marked in bone marrow tissue. It can 
be considered that clotting of the blood and impairment of kidney function are of 
lesser importance at these doses, although the possibility that these factors are involved 
in the increase in non-protein nitrogen in the serum cannot be entirely excluded. 

An increase in serum proteins was observed in all groups of experimental animals, 
but the mechanism behind this increase was not always identical. In the case where 
death occurred during irradiation the rise in the serum protein level was restricted to 
the globulin fraction. The rise in serum globulins could have been the consequence 
of two processes: (1) the passage into the blood stream of tissue proteins — i.e. glo- 
bulins, and (2) blood clotting and the migration of albumins from the blood to the 
tissues. The longer the period of survival the greater the importance of blood clotting 
which was observed, as a rule, throughout this period during examination of the blood. 

Nucleic acids and nucleoproteins are among the most radiosensitive of the chemical 
compounds in the living cell. A number of research workers [21-25] have shown that 
the basic physicochemical properties of nucleic acids are altered as a result of large 
doses of radiation both in vivo and in vitro. The chemical splitting of nucleic acids 
in vitro by the action of massive doses of X-rays has been carefully investigated by 
Scholes and Weiss [12,13]. A decrease in the nucleic acids in the tissues of animals 
and suppression of the synthesis of these compounds following general and local 
irradiation have also been described by a number of authors [26-32]. As far as is known 
to us, our investigation of the effect of massive doses of irradiation on nucleic acids 
jn tissues is the first. 

By determining the nucleic acid content after very large doses of ionizing radiation 
it was possible to observe substantial differences in behaviour in different tissues. 
Bone marrow nucleic acids were the most labile and their amount was reduced abruptly 
both in the case where the animal died during radiation treatment and also at lesser 
doses. The biggest changes were observed in dogs which survived around 4 days and 
were examined at longer periods after irradiation, although these animals had received 
the least irradiation. Thus decrease in nucleic acid concentration increases with time. 
The DNA concentration decreased more markedly than that of the RNA. 

It should be stressed that, in the case of animals dying during irradiation, the decrease 
in the amount of DNA per unit weight of tissue was accompanied by a fall in the 
average nucleic acid content per single cell. These results make it possible to regard 
this abrupt fall in nucleic acid content at doses above 100 kr as, in part, the result 
of direct destruction of the nucleic acids by the radiation (114-240 kr for 28-50 min). 
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Impairment of the synthesis of these compounds could not cause so great a decrease 
in DNA concentration in so short a period of time. 

In earlier determinations of the average content of DNA in cells of rabbits, which 
had received 1000 r at a dose rate of 10-20 r/min, we observed no decrease in the 
concentration of DNA per cell 4 hr after irradiation or at later periods [32]. Evidently 
massive doses and a high-power radiation source are requirements for demonstrating 
reduction in the DNA content of cells by chemical means. An additional requirement 
is that examination of tissues must be carried out in the period immediately following 
irradiation. 

Spleen tissue comes second to bone marrow tissue as regards the magnitude of 
the change in nucleic acid content; liver tissue follows next and only slight changes 
are detectable in brain and testes. The reasons for the considerable differences in the 
reactions of nucleic acids of different tissues following large doses of penetrating 
radiation are not clear. 

Kuzin and Budilova (25) have also observed substantial differences in the behaviour 
of DNA isolated from the spleen of irradiated rats (700-1000 r) and from the brain 
(10 kr). It can be supposed that the higher nucleic acid content in radio-sensitive 
tissues, together with their higher turnover, and in addition certain other relationships 
of the nucleic acids, proteins, and other compounds, in these tissues are responsible 
for their greater vulnerability. 

The increase in the amount of RNA in the liver 11-14 hr after irradiation (60 and 
30 kr) is possibly connected with blockage of the transformation of RNA into DNA, 
as described earlier by Mitchell [31]. 

The decrease in the nitrogen content of DNA preparations, isolated from the 
organs of animals subjected to massive irradiation, is of considerable interest. It can 
be supposed that loss of DNA nitrogen is determined in part by the deamination of 
adenine, guanine and cystosine, or else by the splitting of purines with the formation 
of purine acids or their intermediary products [33, 34], which to us seems to be very 
probable. Verification of these hypotheses is the subject of our work at the present 
time. 

The absence of a reduction in thiol enzyme activity after massive doses of ionizing 
radiation (excluding the bone marrow), and also the numerous published reports 
[19, 20, 35-37] of absence of changes in activity of these enzymes following smaller 
doses, forces us to seriously doubt Barron’s conception that the main factor in radia- 
tion damage is initial destruction of the thiol enzymes, these being the most labile 
structures in the cell. It can be supposed that the strictly localized distribution of 
enzymes in the cell, almost always in a complex with various proteins, nucleoproteins 
and lipoids, makes these compounds less sensitive to penetrating radiation in vivo, 
than is the case when in highly purified and dilute solutions. 

In conclusion it must be recognized that the extensive biochemical changes observed 
in the tissues which have been examined in no way explain the causes of the rapid 
death (during irradiation and immediately afterwards) brought about by the use of 
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large doses of ionizing radiation. The biochemical nature of the processes, underlying 
the neurological symptoms which are indicative of this form of radiation sickness, 
have not as yet been determined. It is difficult to agree with the view of Rajewsky [2] 
that rapid death at doses of 100 kr and above is due to the destruction of the respira- 
tory enzyme systems. 

In the case where death occurs during irradiation, a considerable decrease in the 
concentration of DNA per cell (almost 50 per cent less) was observed. It might be 
thought that a considerable decrease would be evident at lower doses (since some 
decrease had also been observed at 60 kr); however as a result of the relative delay 
in examination (after 14 hr using 30 kr and after 22 hr using 15 kr) this could not be 
determined on account of the large amount of cellular detritus. 

The mechanism by which haemopoiesis occurs can be represented in a very sket- 
chy manner as follows. As a consequence of a number of successive events the number 
of cells in the bone marrow falls rapidly. In animals which had received 10-5 kr it 
was only 3 per cent of the corresponding figure for unirradiated animals at the end 
of 4 days. The direct cause of the abrupt decrease in the amount of DNA present 
in the bone marrow is evidently an almost complete depletion of the cell population. 

It should be stressed that in spite of the extreme severity of the damage incurred 
by the bone marrow tissue at doses of 10 and 5 kr, death was not caused by disruption 
of bone marrow haemopoiesis, but was directly connected with damage to the intestinal 
tract. Thus the changes we and other workers have observed in the total amount, 
cellular content, and synthesis of DNA, determine the mechanism of development 
of radiation damage in the haemopoietic organs and the intestinal tract. 

It should be pointed out that Howard [38], on the basis of her own autoradio- 
graphic work and analysis of the work of others, considers that the primary effect 
of radiation is direct inhibition of mitosis and cell death, and that disruption of DNA 
synthesis is a consequence of disturbance of the mitotic cycle. 


SUMMARY 
The effect of massive doses of y-irradiation on certain biochemical processes has 
been studied. 

Study of the amount of DNA and RNA phosphorus in the tissues of normal and 
irradiated dogs (brain, spleen, liver, bone marrow and testes) showed that substantial 
changes occur in these tissues as a result of irradiation. A distinct difference in the 
behaviour of nucleic acids in different tissues was observed after irradiation. There 
was an earlier and more drastic decrease in the amount of DNA and RNA in bone 
marrow tissue than in the other tissues examined. 

Where the animal actually died in the radiation field, the amount of DNA per g 
of tissue was reduced by 38 per cent and the average DNA content in a single bone 
marrow cell was halved. These results indicate that direct destruction of DNA has 
occurred in the bone marrow. There was no clear-cut decrease in the average RNA 
content in cells. 
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The largest drop in nucleic acid concentration was observed in the bone marrow, 
followed in turn by spleen and liver tissue ; only slight changes were found in the brain 
and testes. The decrease in the amount of DNA present was always greater than 
that of RNA. 

The extent of the decrease in DNA and RNA concentration was in general related 
to the length of time the animal survived after irradiation. In dogs, which survived 
around 4 days (5-10 kr doses), the decrease in the amount of DNA in the tissues was 
always greater than in animals which received 240-30 kr and died in the course of 
the first 24 hr after irradiation. This phenomenon is connected with the greater decline 
in cell numbers in animals which survive longer periods. 


Irradiation of animals in a powerful field of ionizing radiation at very high doses 
(60-150 kr) produced substantial changes in the chemical composition of their DNA, 
involving a considerable drop in the nitrogen content of DNA preparations isolated 
from the tissues of these animals. 


General irradiation of dogs with very high doses of ionizing radiation caused 
a manifold increase in the non-protein nitrogen of the blood serum. An increase in 
serum proteins was observed in all animals at doses from 240 to 15 kr. 


There was no substantial change in the cholinesterase activity of the brain, muscles 
and intestinal mucosa of rats 1-5 hr after whole body irradiation with 50 and 10 kr 
doses. Likewise, no significant changes in ATP-ase activity were detected in spleen, 
intestinal mucosa, liver, muscle and brain at the same dosages. The exception was 
bone marrow where ATP-ase activity was halved 5 hr after a 50 kr irradiation dose. 


Translated by C. R. PRINGLE 
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CHANGES IN VISCO-ELASTIC PROPERTIES OF SKIN 
AFTER LARGE DOSES OF LOCAL X-IRRADIATION* 


V. M. MASTRIUKOVA and A. I. POLIvoDA 


(Received 18 December 1957) 


Ir is known that after large doses of ionizing radiations marked changes occur in 
the collagen and argyrophil structures of connective tissue [1, 2]. Swelling of the colla- 
gen fibres is observed with distension, break-down and fibrillation of argyrophil 
structures. Profound changes occur in the soft connective tissue [3]; the extracellular 
tissue structures, the ground substance, are also involved. Proteins split off from the 
carbohydrate complexes of the ground substance as indicated by the reactions to detect 
mucopolysaccharides in the tissues [4]. The tensile test, in experiments to determine 
the physical resilience of the vessels in radiation sickness, indicates change in the basic 
physical properties of even the aorta [5,6]. Fundamental changes take place in the 
physico-chemical state of fibrous structures and above all in the mechanical structures 
of the vessel walls. However, it has not been possible to detect specific changes by 
microscopic investigation [2]. Changes in the connective and interstitial tissue elements 
result in an increase in the permeability of blood and lymphatic vessels [1, 2, 7, 8] 
and in an obstructed outflow of intertissue fluids. Disturbances in the hydrophilic 
properties of the proteins contribute to oedema in the tissues. 

It must be supposed that all these phenomena — change in the hydrophilic pro- 
perties of tissue proteins, swelling of collagen fibres, disturbances in the argyrophil 
structures, etc. — manifest themselves in change in the visco-elastic properties of 
the skin and subcutaneous tissue, in particular, in increase of the logarithmic decrement. 

The present work was carried out using three rabbits. A RUM-3 apparatus was 
employed (180 kV ; dose-rate 120-140 r/min; current 15 mA; 0-5 mm Cu-+1 mm Al; 
focal distance 20 cm). The left shin of a rabbit was irradiated in a field of 4x4 cm 
with a dose of 4500 r. To measure the logarithmic decrement (9) the right and left 
hind limbs of the rabbits were used. Before irradiation 18 measurements of > were 
made and after irradiation 33 determinations on the irradiated and non-irradiated 
limbs at the same times. The mean value of the logarithmic decrement was calculated 
for the three rabbits at each stage. 

Our observations show that on the third and eleventh days after local irradiation 
with a massive dose of X-rays two visible waves of hyperaemia arose accompanied 
by oedema of the tissues. 

In the present work an attempt was made to establish by the biophysical method 
the actual origin of the first and second waves of the oedema of the skin and subcuta- 
* Biofizika 4: No. 1, 101-107, 1959. 
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neous tissue and also to measure the value of the logarithmic decrement in the tissues 
in the oedematous period. For this purpose an apparatus was designed by means 
of which this value was determined. 


METHODS AND PHYSICAL ASPECTS 


In investigations on the visco-elastic properties of animal tissues much attention 
has been focussed on problems associated with the logarithmic decrement (9) in various 
physiological states of the tissues. Basic ideas and methodological principles have 
been proposed for study of the value > in the tissues and, in particular, it has been 
shown that the value > in muscular tissue is closely related to physico-chemical struc- 
ture [9]. 

In order to investigate the visco-elastic properties, i.e. the logarithmic decrement, 
of the skin and subcutaneous tissue of irradiated and non-irradiated rabbits, the 
method described below and the apparatus proposed by Lebyedinskii were used. 
The apparatus for measuring the logarithmic decrement (see Fig. 1) constituted 
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Fic. 1. Arrangement of apparatus for determining logarithmic 
decrement. 

/, pendulum balance with shutter; 2, hammer; 3, photocell; 4, loop 

oscillograph; 5, starter relay; 6, rheostat; 7, agate centre; 8, source 

of light; 9, condenser. 


an oscillatory system equipped with a photoelectric system with a loop oscillograph 
and a photo-recorder. A tracing of the damping curves is given in Fig. 2. 

The oscillatory system was in the form of a light, steel beam / with a small hammer 2 
and a regulating load, constituting a pendulum balance. The beam was set on a ho- 
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Fic. 2. Damping curves of oscillations of pendulum balance with the 
hammer hitting the skin of a rabbit shin. (a) irradiated limb, eighteenth 
day after irradiation. 4=1-29; (b) non-irradiated limb, $=0-43. 


rizontal axis, the tempered pivots of which rested on the agate blocks 7 which ensured 
minimal losses due to friction. The hammer and load could be shifted relative to the 
centre of rotation of the system thereby altering the period of oscillation 7. In the 
given conditions the system was adjusted to the period of oscillation T=2-57 s. With 
this period of oscillation the inherent losses of the system (friction in the centres and 
air resistance) were comparatively slight. Later the system was calibrated against 
a standard “elastic’’ body represented by a steel laminated spring. The logarithmic 
decrement derived from repeat determinations was 0-122+-0-005. It is obvious that 
the measurements were sufficiently accurate since it was established that the logarithmic 
decrement of the skin of the shin of healthy rabbits varied physiologically within the 
limit +0-12. In order to start the system a starting relay 5 with a push button supplied 
from an incandescent lamp circuit was used. The photoelectric system consisted of 
a 20 W microscope lamp 8 fed from an 8 V d.c. source, a shutter located on the balance 
of the slotted diaphragm of the CTsV-53 antimony-caesium vacuum photocell with 
a sensitivity of 120 mA/Im [3] and a 120 V d.c. source and a photocell of the loop 
oscillograph with a loop sensitivity of 450 mm/mA. The photoelectric system was 
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adjusted by means of rheostat 6. As a result of the processes of saturation of the photo- 
cathode, the non-linearity of the optical arrangement and a number of other factors 
the angle of deflexion of the loop was not proportional to that of the balance. Therefore, 
the photoelectric recorder was calibrated in six different positions of the balance after 
which a calibration graph was plotted. The amplitudes were read off from the graph 
and the logarithmic decrement computed. An analysis of the logarithmic decrement (9) 
method in tissues and the relevant literature have been published [8]. 

If in an oscillating mechanical system subject to Hook’s law and having internal 
friction r and a displacement X with low velocities, the force f responsible for damping 
is proportional to the velocity 


f ax 
dt 
and the equation of oscillation assumes the form 
d*X dX 
m +r—+CX=O0O 
dt dt 


(m the oscillating mass, C the controlling elastic force). The solution of this equation is 
X=Ae“sm(ot+ 9) 
(e is the natural logarithmic base, A the amplitude, w the frequency, ¢ the damping 
coefficient, » is determined from the initial conditions). 
When a body oscillates according to this law the ratio of successive amplitudes 
A;, Az is 


The logarithmic decrement % is exclusively associated with the internal properties 
of the visco-elastic body and, is related to the damping coefficient 6 : = ¢T. 
(T is the period of oscillation). 

It follows that the decrement is closely related to the physico-chemical (molecular) 
properties of living tissue. Physically, the greater this value, the greater the internal 
molecular friction of the tissue and the greater the quantity of elastic energy passing 
irreversibly into heat. As will be shown below, an increase in > coincides with a number 
of phenomena characterizing processes of destruction in the tissues. 

From the data obtained (see Fig. 3) it is clear that the limit of the physiological 
variations of 9 lies between 0-28 and 0-42 for both the right and left legs. On the 
second day after irradiation the value of } of the left (irradiated) rabbit leg rose sharply 
to 0-618. On the third day > fell to 0-460. This suggests that the first wave of change 
in the visco-elastic properties had reached its peak on the second day. On the third 
day after irradiation > fell and on the fourth to seventh days remained at a level 
approximating to noimal. 

On the seventh day a second wave of oedema of the tissues began. The value for 9 
rose to 0-537 and then continued to rise gradually. By the fifteenth day it had reached 
1-173 and it continued to rise somewhat until the moment of ulcer formation (on the 
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Fic. 3. Change in logarithmic decrement + of skin. Above: changes found on right 
(non-irradiated) shin of rabbit. Below: changes in 4 found on left (irradiated) shin. Sym- 
bols : 1-3 for the different animals; symbol 4 for ulcer formation. 


seventeen to eighteenth day). As the radiation burn developed on the left limb, we 
observed a certain increase in } as from the seventh to eleventh day on the right limb 
(see Fig. 3) reaching on average 0-5. 


DISCUSSION 


One of the functions of the nervous system is to maintain at a definite level the 
tissue content of mediators. When the functional state of the nervous system is disturbed 
there occurs a change in their correlation. It is known that sectioning of a mixed 
nerve, in particular the sciatic, results in accumulation of acetylcholine in the paralyzed 
limb. A surplus may be observed for many years. 

Some workers consider irradiation of the tissues with large doses of X-rays as 
a radiation trauma [8, 11]. In any type of trauma of the tissues histamine is released ; 
after irradiation both histamine and acetylcholine are released. Due to the damage 
to sensory nerve endings [12] on local irradiation with massive doses of X-rays, the 
cholinergic activity of the tissues rises [13]. Saturation of connective tissue with 
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acetylcholine leads to functional changes manifest in increased elasticity [14, 15]. 
Furthermore, the existence of a direct action of the radiation on the molecular structure 
of the tissues cannot be excluded [16]. 

Hence, in the tissues a number of parallel processes occur. Some of them are the 
result of the direct action of the ionizing radiation on the tissues — “radiation depo- 
lymerization’’, aggregation of colloidal strucures etc. Others are connected with the 
radiation “burn’’ which may be considered as X-ray “sensory denervation” with all 
the consequent sequelae: release of acetylcholine, increased elasticity and softening 
of the tissues, increased permeability of the vessels, outflow of fluid into the interstitial 
tissues and its retention there. A change in the pH of the skin and subcutaneous 
tissue to 7-4 observed on local irradiation at a dose of 4000 r [17] also apparently 
contributes to oedema formation. Reference must be made to the phase nature of 
the change in pH which coincides with the phase changes of 3. However, such a me- 
chanism does not accord with the long-established fact of oedema formation in acidosis 
(but not alkalosis) of the tissues. 

The increase in > for the right non-irradiated limb occurred, probably by the 
reflex path, starting on the seventh to eleventh day after irradiation of the left limb. 
As has already been pointed out, the second wave of change in the visco-elastic 
properties of the skin of the left limb also began between the seventh and eleventh 
days and in the degree of its development and duration considerably exceeded the 
first wave which developed on the second to third day. 

The method proposed for determination of the visco-elastic properties of the skin 
detected changes much earlier than is possible with the other methods known at 
present. It was possible experimentally to establish changes in the visco-elastic pro- 
perties of the skin following local X-irradiation which characterized the process of 
oedema development. It is obvious that > is a value closely linked to the physico- 
chemical, molecular properties of living tissue. 


CONCLUSIONS 


It is known that on local X-irradiation with large doses (4500 r) changes are to 
be observed in connective tissue and collagen structures. The interstitial tissues and 
mechanical structures of the vessel walls undergo physico-chemical changes, their 
permeability rises and intertissue fluids are retained. 

In the present work it was established that there exist two phases of oedema of 
the tissues following irradiation, the visco-elastic properties of the skin and subcu- 
taneous tissue change and the logarithmic decrement rises. These changes are appa- 
rently the result of disturbed afferent enervation of the limb and of the direct influence 
of the ionizing radiation. 


Translated by A. Crozy 
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METHODS AND APPARATUS 
RADIOTOPOGRAPHY* 


I. P. SHMELEV 
Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 12 May 1958) 


INTRODUCTION 


RADIOTOPOGRAPHY is a set of techniques that give us pictures of how y-emitters are 
distributed in physical or biological objects ; in this paper we consider its uses in biology 
and medicine. 


The shapes, sizes and functions of organs can be established by using compounds 
that have been labelled with radioisotopes. Radiotopography enables us to make 
in vivo studies because y-rays are so penetrating. A tracer that is taken up selectively 


in some organ is administered ; the dose must be such as to create no radiation hazard. 
The organ becomes a radiation source; an instrument (a radiotopograph) records 
the intensity of the emission from the various parts of the organ. Other names are 
used abroad (gammagraph, scintigraph, scintillograph, scintiscanner) ; their meanings 
will become clear from what follows. 

A directional y-counter is the main part of any such topograph; it records the 
radiation that enters some small solid angle. Each quantum is recorded, either as 
a mark made by a pen on paper, or as a flash from a lamp, which is recorded photo- 
graphically. The marks on the paper are more or less widely spaced, as a function 
of the activity that the counter sees; the pattern that is built up is called a gamma- 
gram or scintigram (Fig. 1). The organ is seen sharply if the surrounding tissues 
contain less activity than the organ does. Regions of greater or less activity in the 
organ are also seen. The method gives good results for the shape, size, and functional 
topography of the thyroid; it can be used in detecting brain tumours, in studying 
damage to the cerebrospinal system, in locating thyroid carcinoma metastases, in 
evaluating local injections of radioactive materials that have been given for therapeutic 
purposes, and in certain other cases. We shall first deal with the basic principles and 
functions of the various main units in radiotopographs, and shall then turn to the 
instrument's uses, and to the results it gives. 

The radiotopograph. The main unit is the directional counter, which has been 
made directional by fitting it with a lead collimator of adequate thickness. This 
collimator defines the solid angle that the counter sees, and makes the counter directio- 
nal. Such a counter sees but a small part of any object it is close to, and so we have 
to use either a set of such counters placed close together, or a device that scans the 
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Fic. 1. Gammagram from a fully-grown man with a thyroid carcinoma, 
recorded 3 days after a theropeutic dose (100 uc) of 1311. Many 
metastases that take up 13!I preferentially are seen. 


counter over the organ, if we wish to produce a gammagram. The counter was moved 
by hand in the first devices [1-7]; topographs that move the counter automatically 
(scan the organ) are called scanners [8-24], while those that have sets of counters 
are called grid counters. This name is explained below. 

The second main unit is thus either the mechanical scanner or the lead grid that 


holds the counters. The third unit is the recorder, or the system that records the 
gammagram. 
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The counter. The main requirements to be met in designing a directional counter 
are that (1) the lead screen must be adequate to ensure that the radiation enters the 
counter from the desired direction only, (2) the hole in the collimator must be small 
enough for one to study small areas of objects, and (3) the collimator must be long, 
so that the rays entering the counter shall be nearly parallel. 

The third demand implies that the counter must be far from the object, and the 
second that only a small part of the object is seen; then the y-ray source must be very 
strong, or the counter very sensitive, if the counting rate is to be usable. It is in principle 
undesirable to use large doses of tracers (particularly with human beings), so the detector 
is made as sensitive as possible. By sensitivity we here mean the fraction which is 
ultimately recorded of the -y-rays that enter the counter. The best modern y-counters 
use crystalline phosphors, of which the best in counting and optical properties, and 
the most convenient to make and use, is thallium activated sodium iodide, Nal (TI). 
These latter crystals have efficiencies of about 50 per cent in the medium sizes that 
are used with !5!] (the isotope most used with radiotopographs); ordinary Geiger 
counters have efficiencies of only 1 per cent. Calcium tungstate, CaWOx,, has also 
been used [25, 26], since its high specific gravity (about 6), and the high atomic number 
of the tungsten, make it very sensitive to high-energy y-rays. 

The phosphor works in conjunction with a photomultiplier; the scintillations 
(flashes) the absorbed -rays produce are recorded as electrical pulses from the multi- 
plier. The pulses are fed to a unit that amplifies and shapes them; this unit then passes 
them to a recording system (the pen or the flash lamp). Scintillation counters have 
high background counting rates, to reduce which lead screens are used and spectrometric 
techniques are applied. The intensity of the flash from Nal (Tl) is proportional to 
the energy absorbed from the y-ray. The multiplier gives pulses of heights that depend 
on the y-ray energies; the pulses are amplified by a linear amplifier and are then fed 
to a single-channel pulse height analyser, i.e. to an electronic unit that passes on only 
those pulses whose heights lie within certain limits. Pulses that fall outside these 
limits are not recorded. We can thus select a very narrow y-ray energy range which 
just covers the energy of the y-rays emitted by our tracer. Much of the background 
will not be recorded, nor will many of the y-rays that have been scattered in the body. 
The latter feature is most useful, since we need then count only those y-rays that come 
from the area which the counter sees. The gammagram will then correspond to the 
true activity distribution. 

The counting rate the object gives is reduced at the same time as is the background 
rate, but a proper choice of window width will ensure that the ratio of the two rates 
is much improved. Figure 2 shows gammagrams recorded from a toxic nodule in 
a thyroid ; they were recorded from a patient who had received 60 uc of 1311 (of which 
about 45 per cent went to the gland). The top pattern was recorded in the usual way, 
while the bottom one was recorded with the spectrometer set to admit a range that 
includes the y-rays from !3!I. The spectrometer system can differentiate several isotopes 


that are present at once. 
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FIG. 


Useful data have been given [27] on the properties of Nal (Tl) crystals, on circuits, 
and on the relative advantages of some methods of recording y-rays. 

The collimator. The final design is always found as a compromise between two 
conflicting requirements, namely high resolution (which demands a small diameter d 
and a large length /, i.e. a small d//) and adequate counting rate for small doses 
(large d//). The counting rate, and the ratio of this rate to the background rate, are less- 
ened by reducing d//. 


The collimator is often a block of lead or bismuth with a hole of diameter 2-6 mm 
drilled in it ; / may be several centimetres. The distance from the object to the collimator 
does not affect the counting rate, to a first approximation, because the area the counter 
sees is proportional to the square of this distance, while the intensity per unit area 
is inversely proportional to the square of the distance. The resolution falls off with 
the distance, though. Deep-lying objects are best sought with d// small; in this case 
it is best to increase / and the loss in sensitivity can be balanced out by increasing the 
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thickness of the crystal. The collimator thus determines the size of the crystal. The 
crystal’s diameter should not be less than that of the collimator hole of course, but 
need not be much larger than it: extra crystal has no useful purpose, and may even 
be a nuisance, because it increases the background rate. 

The collimator must have a least thickness such that no radiation from the object 
can pass through its sides, i.e. such that the crystal sees the object only through the 
hole. A thickness of 3 cm is quite adequate with 1511; the crystal must be surrounded 
by lead of no less thickness on all sides, of course. 

It is sometimes the practice to use a collimator with a conical hole that has its 
vertex at the object, or one with several holes whose axes have a common point [30, 31]. 
These collimators increase the counting rates caused by points on the object, and 
those with several holes can be used to measure the depth of a source (e.g. of a brain 
tumour), but they are more difficult to make. They can be made by casting lead or 
Wood’s metal in wooden moulds, since these metals do not char the wood [30]. 
Design data for cylindrical and conical collimators are given in [20, 30, 31]. 

The mechanical (scanning) system. Scanners are described in [8, 24]. The counter 
is held in a carriage that moves backwards and forwards in a frame; a reversible motor 
and reduction gear drive the carriage via a lead-screw. Switches placed at the ends 
of the scan reverse the motor; the carriage is simultaneously moved to the next line 
of the scan, and the whole of the object is traversed. This is the line-scan system; 
radial scans are sometimes used, in which the counter rocks about an axis at the same 
time as it moves along a straight line. The system is simpler, but can distort the gamma- 
gram, particularly if large areas are to be scanned [13, 17, 18]. 

The scan frame can be traversed at rates that can be varied from 0-1 to 10 mm/sec. 
The scan rate is fixed by the dose that is given ; the two increase together. The patterns 
are sharper at the lower rates, but the upper limit to the time available is usually 
30-40 min. The field is usually 200-300 mm long and 180-300 mm wide; provision 
is always made to reduce the field size as required. The scan lines are spaced in accor- 
dance with the size of the collimator hole (usually 3-5 mm). 

Anger [32] has described a topograph that has ten crystals and ten photomultipliers, 
with the crystals 16 mm apart along a line. The total time required for a scan is thereby 
much reduced, or the area scanned in a given time is much increased. A whole body 
scan can be done in 45 min, e.g. to locate thyroid metastases. The line of crystals 
moves across the body and scans a strip 18 cm wide; ten such strips are needed to give 
a whole-body scan on a fullgrown man. 

LKB-Produkter (Sweden) make whole-body scanners ; in these the counter is held 
in a stand and reciprocates transversely, while the stand itself moves longitudinally 
in steps. The system can be used to make several different measurements. The time 
course of the uptake in some organ can be followed, with the counter fixed in position ; 
here the count rate is recorded. One-dimensional (profile) scans are possible ; a special 
collimator has in it a slit that lies at right angles to the line of motion, which is the 
head-to-foot line. Such scans are used in preliminary searches for thyroid metastases ; 
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any areas of increased activity are then scanned in detail in the usual way. The third 
type of scan is the normal (frame) one. 

Recording systems. Most scanners record their results by means of pen and paper 
[8—10, 33]; the pen is fixed to the base of the instrument, while the paper moves in 
synchronism with the carriage. The method is convenient, since the pattern can be 
seen during the scan and is ready as soon as the scan is over ; several copies are available 
if carbon paper is used. It has some faults, all the same. The pen system has a certain 
lag, and so cannot be used at high count rates (say above about 10 counts/sec), since 
counts may be lost. The noise may also disturb the patient. 

The system that uses a flashing lamp and photographic paper [13, 15] is free from 
these faults. The lamp flashes in response to each count. A lens and stop image the 
lamp onto the film or paper ; even if the spots overlap, it does not matter, since a darker 
trace results. However, a light-tight recording system is inconvenient. 

Spark recording can be used with conducting paper on a metal base [34]. The 
system has none of the faults of the previous two, but special paper is needed. Brightness- 
modulated oscilloscopes have been used to record gammagrams [17], or long-afterglow 
tubes [16]. Anger [32] has used a novel recording system. The signal from each counter 
operates an argon lamp; the ten lamps lie in a line in a light-tight box, and a normal 
photographic system records the light from the lamps as they move in step with the 
counters. 

The total time needed for a scan has been reduced by increasing the scan rate in 
areas outside the organ [33]. In these areas the counting rate is due to the background 
alone, i.e. is lower than over the organ. A special circuit causes the drive motor to run 
faster when the count rate is below some preset limit, and also breaks the recording 
circuit. The pulses from the counter are shaped and fed to a capacitor that controls 
a switching valve. The voltage across the capacitor depends on the count rate; the 
current through the valve is cut off if the voltage is too low. The valve operates a relay 
when the voltage rises to the point where the valve begins to conduct ; the relay switches 
on the recording circuit and alters the voltage applied to the motor. The scan rate 
is reduced to one third over the organ. The scan time is reduced and the outlines of 
the organ are made clearer. 

Photographically recorded gammagrams can be made more contrasty by varying 
the brightness of the flashes in step with the counting rate [35]. 

Grid radiotopographs. The principle here is that a lead grid passes on a set of beams 
each one of which comes from some part of the source volume. A photographic film 
was placed behind the grid in the first instances [36,37]; subsequently a large flat 
sodium iodide crystal 5 mm thick replaced the film [36-38]. The light from the crystal 
fell on a special photographic paper at the back of the crystal. The image was of poor 
quality because the crystal was rather thick ; thinner crystals would have reduced the 
sensitivity and increased the exposure [36]. Kellershohn and Pellerin [37] have proposed 
using a lead grid with a set of Nal (TI) crystals, one per hole. Two grids with 625 holes 
(2525) were made; each hole was 2 mm in diameter and 18 mm long. The holes 
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lay at the corners of squares of 5 mm side; each hole held a crystal 6 mm long. It 
was very laborious to make so many identical crystals, particularly since sodium iodide 
is so hygroscopic, and since all the crystals must be of the same sensitivity and light 
output. The crystals were protected from the air by araidite coatings. The film was 
placed between the two grids. A further grid, 1 cm thick, which had been bored in 
the same operation as the other two, was fixed to the bottom side to act as an extra 


collimator. 
The system is a good one, in that cumbrous mechanical and electrical devices are 


absent, but has its faults. The grids have to be made very carefully. The above grids 
have been used to give good pictures of sources of activities 10 mc/em} with 4 min 


exposures. 


THE TRACERS AND DOSE SUSED IN RADIOTOPOGRAPHY 


The main requirement is that the tracer should be absorbed selectively in the organ 
to be studied. The tracer should also have a half-life that is much longer than the time 
needed for the study, and should be eliminated fairly rapidly, but not too rapidly. 
The y-rays it emits must be attenuated only slightly by the tissue ; the decay scheme 
should be simple, and should for preference give one y-ray line only. The energy 
should not be too high, because counters become less sensitive at high energies. 

The best tracers are !3!I (Ty=8-14 days, y-ray energies 364 keV (80-9 per cent) 
and 637 keV (9:3 per cent), 32P (Ty=14-3 days, §-ray energy 1-712 MeV), !%Au 
(Ty =2-697 days, y-ray energy 411 keV), and ©4Cu (Ty=12-8 hr, {-ray energy 1-35 MeV). 
The one that is most used is 1311, with which may be labelled diiodofluorscein (DIF) 
and human serum albumin. The uses of these materials have been described for studies 
on the thyroid [1, 5, 10, 11], on internal tumours [39-42], and on damage to the cerebro- 
spinal canal [43]. Serum albumin has the advantage over DIF of being much cheaper, 
of staying longer in the tissues, and of being absorbed selectively. Internal tumours 
have been studied by the use of 32P. 

The dose of tracer must not be such as to cause a damaging concentration in the 
organ that absorbs it preferentially, or in the body as a whole. The dose the organ 
receives from the tracer should not be larger than that received in an X-ray examination. 
The doses that have been used in radiotopography vary from 10 uc to several me 
[1, 11, 22, 23, 39). 


RADIOTOPOGRAPHY APPLIED TO THE THYROID GLAND 


The only methods of evaluating morphological changes in the thyroid were palpa- 
tion and surgical investigation, until radioiodine ('3!1) was available. The latter soon 
became widely used, since the absorption pattern of the gland could be derived from 
the y-rays that are emitted. It is fairly easy to establish the shape, size and weight 
of the thyroid by radiotopography [1, 5, 8-11, 20, 26, 46,47]. These measurements 
are very important in diagnosing and treating diffuse and residual hyperthyroidism, 
nontoxic hyperplastic adenoma, carcinoma, etc. The weight is the most important 
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parameter when exact doses of radioiodine have to be given to treat hyperthyroidism. 
Doses that are too small are ineffective, while those that are too large may be dangerous. 

The weight is measured by outlining the gland exactly, for which purpose 75-100 uc 
of 131I suffices ; the dose is given intravenously in saline, and 60-70 per cent is taken 
up by the gland. The radiotopograph is used some hours afterwards; the frontal 
area and some one linear dimension (the height, say) are measured from the gammagram. 
Allen and Goodwin [5] have used a formula to calculate the gland’s weight; they 
suppose that the gland is symmetrical in all directions if the hyperthyroidism is diffuse, 
and that the gland’s thickness is proportional to its height. The formula is 

W=KSL 
where W is the weight in g, S is the frontal area in cm2, L is the height in cm, and K 
is a coefficient with the dimensions of a density (g/cm3). Post-mortem specimens 
gave K as 0-125-0-152, with a mean of 0-128. It S and L are measured W can be 
calculated. The average error in W is not more than 10 per cent, as post-mortem findings 
demonstrate ; the mean error has been found (from post-mortem weighings) to be 
5-9 per cent [20]. 

Hot nodules, which cannot be detected by palpation, can be seen on the gamma- 
grams. Thyroid carcinoma can be detected at very early stages, and so can distant 
metastases. It has been found [9] that the normal thyroid takes up, at most, 20-7 per cent 
of the injected 1311, while up to 70 per cent may be taken up in hyperthyroidism. 


STUDIES ON INTERNAL TUMOURS 


Some brain tumours that selectively absorb 1371, or certain other substances, can 
be located and measured by radiotopography [14, 30, 39, 40-47]. The tumours absorb 
because the blood-brain barrier has broken down. lodine-labelled diiodofluorscein 
[30, 39] and serum albumin [40, 41] have been used, in doses of up to 400-500 pc [39]. 
The head is scanned 24 hr after the tracer has been given, since the difference between 
the tumour and the brain generally is then largest. Two perpendicular planes are 
scanned if the tumour is deep-lying ; the patient’s head is usually kept still in a frame 
that carries engraved scales. Newell et al. [30] suggest that a grid collimator should 
be used, in order to increase the counting rate, especially since the tumour’s high DIF 
content lasts for 1-2 hr only. A normal cylindrical collimator hole gives a picture 
of the entire volume that falls within its angle of view. The total volume of the tissue 
thus seen may be 35 times as great as that of the tumour if the latter is only 2 cm in 
diameter ; if the tumour has an 13!] concentration that is four times larger than has 
the brain generally, the tumour will increase the total counting rate by only one 
ninth. The time required to detect such a signal is naturally long. Newell’s collimator 
cuts out some of this interfering radiation. 

Positron-emitters simplify brain-tumour location [48-50]. The annihilation y-rays 
from the positrons are recorded by two coaxial counters, one on each side of the 
head. These rays are emitted in opposite directions along the same straight line (or 
nearly so), since most annihilations occur when the positrons have come to rest. The 
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positrons have very short ranges in matter (a few mm only), so the y-rays come in 
fact from the area in which the tracer is concentrated. The counters accept only 
annihilation y-rays (0-51 MeV) and are connected in coincidence, to reduce the back- 


ground. 

The choice of tracer is decided by the half-life, by the decay scheme (the positron 
branch should be strong, and other y-rays should be absent), and by the tracer’s 
biological behaviour. The uses of 74As [48] and °4Cu [49] have been described. The 
copper is given as the phthalocyanin tetrasulphone (an anionic dye), to which the 
normal blood vessels in the brain are impermeable. The dye may enter the tissue 
(tumour) if the tissue structure is abnormal [51]. The two counters scan a vertical 
plane; an increased coincidence rate indicates a brain tumour. 


DAMAGE TO THE CEREBROSFINAL CANAL (RACICISOTOPE MYELOGRAPHY) 


This type of damage can be detected by injecting a ;-emitting tracer into the subar- 
achnoid space [43, 52]. lodine-labelled human serum albumin is used, since it diffuses 
readily and is removed by the blood stream within a few hours. The procedure is 
suitable for use with outpatients, since a single lumbar puncture is all that is needed. 
The thyroid is blocked by giving a few drops of Lugol’s iodine before the injection ; 
up to 200 ue of 1511’ may be injected. The whole operation takes only 15-20 min. 
The damaged area is located by placing two j-ray sources on the spine, to give reference 
spots on the gammagram. This method of myelography has given good results in 
30 cases out of 34; it does not,replace oil myelography completely, since it does not 
detect small damaged areas, but it has certain advantages. 


RADIOTOPOGRAPHY OF THE LIVER 


It has been found [53] that the Kupfer cells in the liver take up 80-90 per cent 
of intravenously injected colloidal gold. An attempt to delineate the liver with 198Au 
has been described [54]. Colloidal gold is made as a sterile solution suitable for intra- 
venous injection. Cats and rabbits were used in the tests; the livers were scanned at 
intervals to establish the time course of the uptake. The animals were killed after 
various intervals (one to fourteen days), and the shapes and sizes of their livers were 
assessed. It was found that doses of 25 uc of !9%Au kilogramme of body weight were 
enough. The 198Au appeared in the liver within 1-2 min, and the concentration was 
highest after 1 hr. Much of the gold was found in the liver, and less in the lungs; 
that in the lungs was trapped by the reticuloendothelial cells there. No large amounts 
of gold were found in the spleen, or in other parts of the reticuloendothelial system. 


Liver neoplasms have been diagnosed with 13!]-labelled serum albumin [55, 56]; 
the method has not been used with human beings because large doses of the radioactive 


materials are needed. 
The gall bladder has been studied by injecting iodine-labelled organic compounds 
that are secreted in the bile [21]. 
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OTHER USES OF RADIOTOPOGRAPHY 


The distributions that occur when therapeutic doses of radioactive colloids (e.g. 
198Au) are injected intrapleurally or intraperitoneally have been examined. Figure 3 
was taken after an intraperitoneal injection of 70 »c of 198Au. The lymphatic nodes, 
the parametria, and other organs, can be delineated in the same way [57, 58]. The 
lungs can be delineated if a radioactive gas that the lungs do not absorb (e.g. xenon) 
is inhaled. 


CONCLUSIONS 


We have reviewed the basic principles of radiotopography, and the results that 
have been obtained. The method is a new and rapidly developing technique for use 
in medical and scientific work. It has been used in chemistry, e.g. in scanning chroma- 
tograms [59-61] and chromatography columns [63] that contain radioactive materials ; 
it has also been used in technology. The results it gives are at present rather rough; 
the main difficulties that stand in the way of higher accuracy are that y-rays are hard 
to collimate, that the source to counter distance tends to vary, and that organs overlap. 
The methods must be improved by increasing the sensitivities of counters, by improving 
resolving powers, and by developing better methods of recording (by using electron- 
optical amplifiers, or storage tubes, or by producing sharp images on cathode-ray 
tube screens). The method is already indispensable in diagnosing and treating certain 


diseases, however. 
Translated by J. E.S. BRADLEY 
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A LUMINESCENCE METHOD FOR DETERMINATION 
OF SMALL QUANTITIES OF BACTERIA* 


L. D. DerKACHEVA, N. D. ZHEVANDROV, and SH. D. KHAN-MAGOMETOVA 


Institute of Biophysics, Academy of Sciences of tre U.S.$.R., Moscow, and Lebedev Physics Institute 
Academy of Sciences of the U.S.S.R., Moscow 


(Received 12 May 1958) 


One of the advantages of the luminescence method of analysis over other analytical 
methods is its high sensitivity. This permits the detection and measurement of extremely 
small amounts of luminescent material. We have employed this method for determining 
small amounts of bacteria in aqueous medium. 

Two approaches are possible: either the inherent luminescence of the bacteria 
or that of some extraneous luminescent substance linked in some manner with the 
bacteria (e.g. adsorbed on them) can be utilized. The second approach is complicated 
by the fact that some of the foreign material always remains in the solution and is 
not bound to the bacteria. Removal of this unbound material from the solution seriously 
complicates the experiment, and its presence results in added luminescence which 
interferes with analysis. These difficulties can be avoided by using luminescent substances 
which luminesce differently in solution and in the adsorbed state (in intensity, spectrum, 
etc.). 

* Biofizika 4: No. 1, 117-119, 1959. 
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We have made measurements of the spectra of the inherent luminescence of some 
suspensions of bacteria in water: Bacterium coli, Bact. herbicola, Myxobacterium, 
Bact. aurantiacum, Pseudomonas fluorescens, Bacillus anthracoides and others. Measure- 
ments were made on an apparatus consisting of a UM-2 monochromator and a FEU-19 
photomultiplier, the signal from which was measured by a mirror galvanometer with 
a sensitivity of 10° A/mm. The excitation source was a PRK-2 mercury lamp plus 
a UFS-1 light filter (S mm thick), with maximal transmission at about }=365 mu. 

As a result of these measurements it was established that all the types of bacteria 
investigated have a relatively weak whitish-blue fluorescence with the maximum in 
the 450-460 mu region. The majority of the bacterial suspensions fluoresce more 
intensely if the bacteria are first killed. The minimum number of bacteria which can 
be detected by their own luminescence is 5-10 x 10’cm3 of water. On account of the 
weakness and the non-specific nature of the luminescence this approach did not seem 
to us to be very promising. 

Allowing the bacteria to adsorb dyes, using such well-known stains as coriphosphin, 
acridine orange, and others, as the substances adsorbed, likewise was not found to 
be satisfactory for determining small amounts of bacteria. It was established that 
the presence of bacteria in the solution did not alter the fluorescence spectra of the 
stains, and the intensity of fluorescence was somewhat diminished. However this 
reduction in fluorescence was not sufficient to permit quantitative determination of 
small concentrations of bacteria in a solution. 

Use of a cyanin dye — pseudoisocyanin chloride which has properties which 
circumvent the above difficulties — was more satisfactory in detecting small quantities 
of bacteria. The striking property of this dye is that it luminesces only in an associated 
state or when adsorbed from water and does not luminesce in solution at sufficiently 
low concentrations [1]. In our case bacteria were the centres on which the molecules 
of pseudoisocyanin are adsorbed and begin to luminesce. The more of these adsorbing 
centres there are in the solution, the higher the degree of luminescence and the brighter 
the solution glows. This effect was employed in quantitative determination of relatively 
small concentrations of bacteria. A very effective picture was obtained : an aqueous 
solution of the dye without any bacteria does not fluoresce, but on addition of a certain 
quantity of bacteria to the solution, it begins to fluoresce a bright orange colour 
(Amax=547 my). 

Our problem was to establish the least amount of bacteria which could be detected 
by this method. To do this the most effective pseudoisocyanin concentrations were 
selected, i.e. when the solution is sufficiently concentrated, but luminescence of the 
dye in the absence of bacteria is non-existent or very weak. These concentrations 
are 1-4 10% g/cm. 

The results of these experiments are shown in Fig. |. It is easily seen that this 
method allows determination of bacterial concentrations down to 1-5 10° cm}. 
For a concentration of 5107 cm} the intensity of fluorescence with respect to a non- 
bacterial solution is increased three-fold (pseudoisocyanin concentration 3 x 104 g/cm5), 
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C, 109cm3 


Fic. 1. Alteration of the relative intensity of fluorescence of an aqueous 
solution of pseudoisocyanin chloride in relation to the bacterial 
concentration. Ordinate : relative intensity of fluorescence. 


60 
Cc, 10%m3 


Fic. 2. Alteration of the relative intensity of fluorescence of an aqueous 
* solution of berberin in relation to the bacterial concentration. Ordinate : 
relative intensity of fluorescence. 
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and for a concentration of 5 108 per 1 cm3 it is increased more than eight-fold. Our 
results show that the proposed luminescent method can compete equally in sensitivity 
with the nephelometric method. The former method can also be used successfully 
for determination of large concentrations of bacteria where nephelometric measure- 
ments are difficult. On the strenght of its simplicity and effectiveness the luminescence 
analysis method can find wide practical application. 


Besides pseudoisocyanin we also used two well known microbiological stains — 
berberin and primulin which fluoresce weakly in solution—as adsorbates. Both 


these stains increased the intensity of fluorescence in the adsorbed state. The alterna- 
tion of the intensity of fluorescence of a solution of berberin as the amount of bacteria a 
in the solution is increased is shown in Fig. 2. In comparison with pseudoisocyanin ee 
the disadvantage of this dye is that a detectable rise in the luminescence of the solution 4 
is apparent only at high bacterial concentrations (around 3 x 107cm3) and consequently a 
lower bacterial concentrations cannot be determined. Use of primulin for this purpose 7 
is complicated by the relatively bright luminescence of the unadsorbed dye. ic 


SUMMARY 


Methods based on utilization of the inherent luminescence of bacteria (Bact. coli, 
Bact. herbicola, Myxobacterium, Bect. aurantiacum, Ps. fluorescens, B. anthracoides 
and others) as well as the use of coriphosphin, acridine orange and other substances 
as luminescent adsorbates did not give satisfactory results. 

Use of pseudoisocyanin chloride as an adsorbate enabled a method involving 
analysis of luminescence to be used for determining the content of bacteria in solutions 
over a wide range of concentrations. The method is based on the property of this 
dye to luminesce only when in an adsorbed state and not when in solution. 

Use of berberin as a luminescent adsorbate can be recommended for the determina- 
tion of relatively high bacterial concentrations. 

We wish to convey our thanks to Professor M. N. Meisel’ for his constant interest 
in this work. 


Translated by C. R. PRINGLE 
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DIFFUSION OF SUBSTANCES IN THE TISSUES AFTER 
DEATH AS SOURCE OF ARTEFACTS 
IN AUTORADIOGRAPHY* 


IA. V. MAMUL 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 18 April 1958) 


BoypD [1] and Byelavina [2] have amply demonstrated that the chemical action of 
non-fixed tissues on photographic emulsion is comparable in strength with the action 
exerted on photographic emulsion by radioactive tracers introduced into the organism. 
Therefore in the autoradiographic investigations of biological objects attention has 
been devoted primarily to the neutralization of the chemical action exerted by the 
tissues on the photographic emulsion as the chief source of distortions. The diffusion 
of substances after death and the distortions thereby introduced have not been taken 
into account. 

In the preparation of autoradiograms of relatively large objects the effect of diffusion 
cannot always be detected. However, in the case of fine detailed structures, for example, 
the down located on the surface of the leaves of some plants, the influence of this 
factor is readily seen. 

As an example we give the results of our experiments with the geranium leaf. Figure 1 
(a and b) shows the autoradiograms of leaves of this plant containing 35S, the radio- 
active isotope of sulphur. 

The first leaf was prepared by desiccation in a drying cupboard to the absolutely 
dry state. The second leaf was untreated. Both were placed in an X-ray cassette on 
an unscreened X-ray film. The cassette was then immersed in liquid nitrogen in a 
Dewar vessel and both leaves exposed for 120 hr. 

Comparing the autoradiographic images, it is clear that the down of the dried 
leaf contains the isotope and that it is absent in the freshly prepared leaf. The cause 
of this phenomenon lies, so it seems to us, in the fact that diffusion of substances 
occurred in the interval between the cessation of the vital activity of the cells during 
desiccation and the final dehydration. On immersion of the fresh leaf in liquid nitrogen, 
cessation of the vital activity of the cells was simultaneous with the fixation of the 
substances by the low temperature; and storage of the leaf at a low temperature 
during its exposure on the photographic emulsion also excluded the possibility of 
any chemical changes in the cells. 


* Biofizika 4: No. 1, 119-120, 1959. 
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The distinctness of the image of the down depends on the radiant energy of the 
isotope used. The shorter the path length in the tissues of the g-particles emitted by 
the isotope the more clearly visible will be the fine details of the object. The path 
length of the 3-particles of 35S in the tissues is about 20. i.e. approximately one-third 
the average thickness of the hairs of the geranium leaf. Thanks to this, the non-radio- 
active hairs also become visible, by shielding the photographic emulsion from the 
6-particles. 

It may be concluded from our experiments that in the use of autoradiographic 
methods of investigation it is necessary, to take into account the distortions introduced 
by the diffusion of substances after death in addition to the distortions arising from 
the chemical action of the tissues on the photographic emulsion. As regards the prepara- 
tion of tissues for autoradiography, it must be recognized that the most rational 
procedure known at present for the neutralization of the factors producing distortion, 
including defective fixing of the tissues by liquid solutions, is apparently rapid freezing 
of the biological specimens and their exposure at low temperatures. 

Translated by A. Crozy 
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AN APPARATUS FOR THE RAPID DETERMINATION 
OF MOISTURE IN PLANTS* 


V. P. BATIUK and Ye. F. RYBALKA 
Ukrainian Plant Physiology Research Institute, Kiev 


(Received 20 February 1958) 


AT present discussion is taking place on the relative amounts of “free’’ and “bound’ 
water in plants. We propose a rapid and comparatively simple method for determina- 
tion of the amount of so-called free water in plants. 

The method is based on measurement of the magnitude of the dielectric constant 
of substances with change in the moisture content. It is known that the dielectric 
constant of free water is high (about 80), whereas these are grounds for believing that 
it is low for substances incorporating structurally-bound water. Accordingly, from 
measurement of the dielectric constant it is possible to determine the amount of free 
water and by knowing the total moisture content in plants (drying to constant weight) 
one may determine the amount of bound water. 

* Biofizika 4: No. 1, 120-122, 1959. 
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V. P. Batiuk and Ye. 
Starting from these premises we have devized an apparatus for the rapid determina- 
tion of the amount of free water in plants. A diagram of the apparatus is given in 
Fig. 1. A generator, the frequency of which is stabilized by quartz (6-2 Mc/s), is mounted 
on a 6P6S type tetrode. Generation of current is determined by means of a control 
milliameter incorporated in the anode circuit of the tetrode. The generator circuit 


6+/50V 


Quartz 


is inductively connected with the measuring circuit to which the test objects are attached. 
The measuring circuit is adjusted in resonance with the frequency of the generator 
by means of calibrated variable condensers C) and C3, one of which has a low capacity 
and serves as an electric vernier allowing for precise calculations. The resonance 
indicator is a cathode detector mounted on the left half (in the diagram) of a double 
triode of type 6N8S. In the cathode valve circuit a needle milliameter is incorporated, 
by means of which the point of resonance is indicated. Choice of the operating point 
of the cathode detector is made by regulating the potentiometer R» (change-over 
switch P, in position 2). 

Measurement of the unknown capacitance and consequently of the dielectric con- 
stant of the object is made by the well-known method of “substitution’’. In order to 
achieve a sharp maximum at resonance the operating point of the cathode detector is 
selected by means of the potentiometer R> in such a way that the valve (left triode) is 
shut and opens only in the vicinity of resonance. 

This apparatus also makes it possible to make relative measurements of the dielectric 
losses in the objects for which purpose the change-over switch P is placed in posit- 
ion | and the resonance curve recorded. From the width of the resonance curve the 
equivalent resistance of the losses in the test object is determined. 
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Fic. 2. 


The apparatus may be fed from any rectifier (it is desirable to stabilize the anode 
voltage by means of a gas discharge stabilizer). The apparatus may be calibrated 
in the following way. Five pieces of dry filter paper of the same diameter are placed 
in a special perspex box with an aluminium screw cap (diameter 15 mm, height 10 mm). 
The capacity of this condenser is determined (a small jar is placed on the measuring 
condenser with its metal cover on the earth plate). The filter paper is then gradually 
moistened with definite amounts of water and the capacitance measured after each 
moistening. The pieces of leaf of the plants under test were exactly the same size as 
the filter paper and were placed in the same type of box. For convenience of measure- 


ment and to ensure reproducibility of results the boxes were inserted in a special 
measuring condenser with a micrometer screw gauge as depicted in Fig. 2. Figure 3 
gives a general view of the apparatus. 

The results of the investigations are given in the Table. 
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TABLE 


me 
Plants | Total moisture Free water (9/9) [Bound water (0/°) 


| content (9/9) | 


Corn (stem) variant 1 62°6 45°4 17:2 

2 60°0 47°7 12°3 

3 68°3 49°3 19°0 

4 63°2 | 

(leaves) l 77°4 50°2 27°2 

2 79°3 52°8 26°5 
Garden Beet 

With 40°/) moisture in soil 81°7 65°6 16°1 

609), 81:0 62°7 18°3 


Translated by A. Crozy 


NEW FORMS OF THE FOWLPOX VIRUS** 


E. I. SKALINSKII 


State Scientific Control Institute of Veterinary Preparations, Ministry of Agriculture of the U.S.S.R., 
Moscow 


1958) 


(Received 10 Januar) 


NUMEROUS electron microscopic studies of animal pox viruses show that these viruses 
exhibit a high degree of polymorphism. In a study of the morphology of the pox 
virus of pigeons we have observed [1] that fine dense granules, bacillus-like structures 
(oval in form), pancake and flat button-shaped structures, and mature elementary 
bodies are present in infected cells of the chorio-allantoic membrane of chick embryos. 
On the basis of morphological analysis it was suggested that the fine granules partici- 
pate in the formation of smooth and granular bacilliform structures, which subsequently 
form a dense peripheral layer of pancake and flat button-shaped bodies. At the same 
time it was noted that the material results of this study were not sufficient to provide 
a complete interpretation of the complicated genesis of pox particles and their diverse 
forms. 

Toconfirm our inference electron microscopic studies were carried out on the bipatho- 
genic pox virus UIEV [2], which affects both hens and pigeons. The technical proceedure 
was the same as in the preceding work [1]. Particles of the types which have already 


* Presented at the second All-Union conference on electron microscopy, 10 May 1958. 
+ Biofizika 4: No. 1, 122-123, 1959. 
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New forms of the fowlpox virus 


Fic. 1. Rosette-like forms of elementary pox bodies and the bacillus- 
like oval structures. Nichrome shadowing. Magnification x 30,000. 
A — rosette-like particle. 


been described were observed in cells of an infected chorio-allantoic membrane. 
However in the course of studying a 13 day old pox infection of the comb of a cock 
new particles were discovered, which have not previously been described in the literature. 
Among these a rosette form of the elementary bodies attracted attention. In the picture 
bacillus-like oval structures can be seen easily, and in addition flat button-like elementary 
bodies (with central prominence) are in evidence, the peripheral layer of which is 
in the form of granules disposed in a rosette-like arrangement. The impression is 
created that in the given instance a form has been found revealing details of the fine 
structure of elementary pox bodies, which would not be detectable in other relationships 
of virus and cell. It is extremely probable that the detection of such details in the 
structure of the elementary bodies is a result of the prolonged course of the pox infection. 
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It can be supposed that in the given instance we have encountered a phenomenon 


of delayed formation of virus particles. 

Academician N. V. Likhachev finds that the observed structures of the elementary 
particles are very similar to the structure of tobacco mosaic virus [3], which essentially 
is evidence of the existence of certain common characteristic features in the development 


of animal and plant viruses. 
Translated by C. R. PRINGLE 
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DISCUSSION 


THE ELEMENTARY PHOTOREACTIONS 
OF CHLOROPHYLL* 


V. B. EVSTIGNEEV 


Bakh Institute of Biochemistry, Academy of Sciences of the U.S.S.R., Moscow 


(Received 4 June 1958) 


GACHKOVSK II's [1] paper in the discussion section of this journal in our opinion gives 
a distorted picture of the elementary photoreactions of chlorophyll. The paper is 
polemical in tone, but it does not analyse the known facts properly, and all the explana- 
tions of the photoreactions of dissolved chlorophyll are made in terms of his data 
on how magnesium phthalocyanin and chlorophyll fluoresce under vacuum conditions 
in the adsorbed state. We shall analyse the data Gachkovskii uses to draw his conclu- 
sions about the photoreactions of chlorophyll. The data in [1] have been published 
several times before under different titles; we shall use all his published data on the 


fluorescence spectra in our analysis. 

Gachkovskii asserts [l, p. 759 et seg.] that magnesium phthalocyanin adsorbed 
on MgO gives main fluorescence and absorption bands that are not simple, but are 
always made up of several overlapping bands; this, he asserts, explains their large 
widths (659-684 mu). He thinks that this structure is caused by impurities (O2, water) 
and by solvent molecules that have joined onto the magnesium atom before the 


* Biofizika 4: No. 1, 124-128, 1959. 


; 
4 
A 
| 


The elementary photoreactions of chlorophyll 131 


compound was adsorbed [3-5]. Each such complex has its own fluorescence maximum. 
He thinks that, if the magnesium has no ligands, the pigment has neither absorption 
nor fluorescence in the visible region [l, p. 758; 7]. 

He makes these assertions from data that derive from his degassing magnesium 
phthalocyanin, adsorbed from solution onto MgO, at high temperatures in vacuo. 
The fluorescence gradually weakens during this treatment, and the main fluorescence 
band splits up [3]. The fluorescence ceases when the material is heated to 375-400°C, 
but a visible fluorescence reappears if oxygen, water vapour, alcohol, or ether is allowed 
to reach the cooled material ; he claims that the main band which appears is typical 
of the compound used [3, 4]. 

The complex with oxygen plays the main part in his argument; he holds that 
oxygen is an essential part of any preparation that has been made in air. The complex 
has a fluorescence peak at 659 my, if magnesium phthalocyanin and MgO are used ; 
this band, he argues, must be present with any adsorbent and solvent that are used 
in air. The peak appears in all his fluorescence spectra [3-6, 8] and in [1]. 

But even Gachkovskii’s own data [6] show that this oxygen complex can play 
no major part in causing the fluorescence spectra; it may even not be present at all. 
He states, in Changes in the fluorescence spectra of magnesium phthalocyanin and of 
chlorophyll caused by dark reactions, that the oxygen complex’s 659 my peak vanishes 
at once when the vapours of ethanol, ether, acetone or water are admitted, and that 
a 666 mu peak due to some unknown oxidation product appears. This effect he explains 
by the oxygen complex’s being very reactive and reacting at once with these hydrogenous 
compounds [5, p. 742]. 

It is hard to see how this active complex can exist in solutions that contain the 
above compounds, and how it can cause the structure in the fluorescence bands, and 
can be detected from its fluorescence peak. May it not be that the 659 my peak is 
caused by atmospheric oxygen’s ejecting the solvent ligands as the pigment is adsorbed ? 
But Gachkovskii’s own data [6] show that oxygen cannot eject such solvent ligands. 
Hence the oxygen complex (if such there be) cannot be present in the adsorbed magne- 
sium phthalocyanin. It must have reacted with the other components in the solution, 
or during the adsorption. The 659 my peak cannot correspond to it; the deduction 
is based on a misunderstanding. 

How can we explain the 659 mu peak Gachkovskii claims to have detected [3, 6]? 
We explain it as his interpreting his results too uncritically ; it is typical of him that, 
at the start of a paper [6] in which he shows that the oxygen complex cannot exist 
if ethanol is present, he nevertheless draws (Fig. 2 of [6]) a broad fluorescence peak, 
with a maximum at 659 my, and with an “ethanol complex’? peak at 673 mu. He 
would appear not to have seen how strange it is for him, to make mutually exclusive 
assertions within one paper. When he came to write [1] he had clearly taken note 
of our remarks about the contradictions in [6], and simply omits to refer to it. 

His unsound deductions are the main cause of the contradictions such as the above 
that are found in his papers. His photographs of the fluorescence spectra of adsorbed 
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magnesium phthalocyanin [3, 4,8] are a typical example. Figure 1 of [3] “shows” 
that the main peak has a complex structure ; but in this experiment it was an essential 
requirement that the spectra should be photographed under identical conditions, 
since only then could reliable deductions be drawn. The widths of the mercury lines 
that are shown as reference spectra indicate that the slit widths used to record the 
various spectra were very different. The exposure times are also not given, but 
Gachkovskii has stated that they varied widely. These changes in the conditions 
are the causes of the incorrect conclusions on the relative intensities and widths of 
the bands ; the widths, etc., were varied at will. The fact that, according to Gachkovskii 
[6, note on p. 740], the positions of the peaks depend on the vapour pressure of the 
ligand that is used (especially with ethanol), makes the results still more undefined.* 


We now examine the essence of Gachkovskii’s experiments. The pigment was 
much decomposed by being heated to 375-400°C while adsorbed on catalytically 
active MgO, since the fluorescence was much weaker when the vapour had been admitted 
than it was at the start. An intense blue continuum also appeared in the fluorescence ; 
this emission is to be assigned to decomposition products. The residual pigment is 
trapped within complex decomposition products. 

What reason has he to think his conditions so good that he can talk about lack 
of ligands and pigment molecules, and can extend his arguments to chlorophyll’s 
photoreactions? There is no evidence from his statements that there were any photo- 
reactions in his adsorbed materials. We cannot agree to the facile way in which he 
transfers his conflicting results for adsorbed and thermally stable magnesium phthalo- 
cyanin to chlorophyll in solution. He heated chlorophyll adsorbed on MgO to 260°C (!), 
and then, without proof, assumes that 50 per cent had decomposed to magnesium 
porphyrin; he even gives the latter’s fluorescence bands, together with those of the 
oxygen complex [5, Fiz. 1]. He recognizes [8, p. 512] that this method is unsound 
with chlorophyll, and therefore he treats the material with oxygen in the cold before 
letting in the ethanol, ether or water; he then, without proof, assumes that the 
fluorescence peak that appears at 648 my corresponds to the 666 my peak of adsorbed 
magnesium phthalocyanin. 

His vague argument in [1] really implies that, since ligand-free chlorophyll has 
no absorption (or fluorescence) spectrum in the visible, it must be photochemically 
inactive. It becomes active when the above spectra appear, as when ligands are added. 
Terenin and Krasnovskii’s idea that the photochemically active form is in a biradical 
(triplet) state is reiected as unnecessary, or even wrong. No answer is given in [1] 
to the major questions of how the excitation energy is transferred to these ligands 


* In most of the papers [4—6, 8] the spectra are manual sketches made from spectrograms, although 
they are called microphotometer traces. The sketches of the complex structure of a spectrum [5, 
Fig. 1, and 6, Fig. 2] cannot be taken as being experimental results, since the resultant band is far 
from being the sum of the sub-bands ; the fluorescence spectrum of the oxygen complex is shown in 
relation to conditions where the author's own data show that it cannot exist. 
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when the chlorophyll is reversibly photoreduced, or of why the ligands stop the excited 
molecule from going over to a biradical state. 

His idea that the ligands are responsible for the spectra of chlorophyll and magnesium 
phthalocyanin conflicts not only with general theoretical ideas on the origins of colour, 
but also with experimental data. He asserts [3, 7] that metal-free phthalocyanin does 
not fluoresce when it is adsorbed on magnesium oxide; in fact it fluoresces no less 
than does magnesium phthalocyanin. Pheophytin in solution has absorption and 
fluorescence spectra, although it has no central magnesium atom, and cannot, according 
to Gachkovskii, take up ligands. Magnesium phthalocyanin that has been distilled 
in vacuo at 400-450°C is still coloured, although according to Gachkovskii, the ligands 
(even the tightly bound HO) are then split off. Adsorbed materials that have been 
made by vacuum distillation [4] may not fluoresce, but the cause would then be that 
the pigment is aggregated. Others have found that adsorbed materials made in this 
way fluoresce very well [15]. 

The facts also contradict his assertion that the main fluorescence and absorption 
peaks of magnesium phthalocyanin and chlorophyll are complex. If the peaks did 
consist of several bands caused by various complexes, the absorption and emission 
bands would not be mirror images of one another (though this is actually so). He 
says that the individual bands should show a mirror-image form, but that the composite 
ones should not; the latter he gives as covering a wide region (659-684 mu, reckoned 
on the peaks). The composite band should split up into its components, at least partly, 
when the material is cooled, but all that actually happens is that the whole band narrows ; 
no tendency to split is found. It is not to be wondered at that, when his experiments 
with magnesium phthalocyanin were repeated in another laboratory, the results were 
entirely different and disproved his conclusions [15]. 

In conclusion we deal with the first part of [1], which is polemical. He deals wrongly 
with the relation between the assumptions that there is a long-lived excited biradical 
state in chlorophyll, and that chlorophyll is photoreduced. The text of [1] shows 
that the assumptions are implied one by the other; they were proposed by the team 
that worked on chlorophyll solutions in the Photobiochemistry Laboratory at the 
Institute of Biochemistry, Academy of Sciences of the U.S.S.R. The primary physical 
changes caused by the absorbed light and the photoreduction (addition of proton 
and electron), are two different features; they can be studied quite independently. 
The Photobiochemistry Laboratory is not concerned with the existence and reactivity 
of the biradical state, although on occasion [9] results have been given which indicate 
that this state has a part in photoreactions. Krasnovskii’s paper [10], which is the 
main target for Gachkovskii’s attack, does not set out to prove that the theory of 
the biradical state is correct, but instead assumes the theory as the most probable 
one that is at present available. It would make no difference to the large amount of 
experimental data on photoreduction (see [11] and[12] for reviews) if some other 
theory were used. It has been demonstrated conclusively that chlorophyll, magnesium 
phthalocyanin, and their analogues, are photoreduced ; many methods have been used, 
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and the results have been confirmed abroad [13, 17, 18]. Gachkovskii’s persistent 
doubt that the reaction is a photoreduction is, at best, a proof that he is wrong-headed. 

The mechanisms of these photoreductions have now been studied thoroughly. 
It has been shown that the active intermediates which are formed show very much 
greater reducing powers than do the parent compounds [11,12]. There is now no 
reason to doubt that the spectral changes Gachkovskii has studied are caused by a 
photoreduction. As a former worker in this laboratory he should know full well that 
these same photoreduction products have been made [14] by reducing chlorophyil 
and its analogues with zinc metal in the dark, i.e. by a reaction that has no connection 
with theories of a long-lived biradical state. 

His discussion of the spectral changes in a pyridine solution of chlorophyll that 
also contained ascorbic acid is quite unsound. The shifts to the long-wave side on 
which he remarks [1] occur when chlorophyll analogues are hydrogenated [16]; the 
reactions relate not to the conjugated systems, but to the semi-isolated double bonds 
in the porphyrin rings. The bands usually shift to the short-wave side if a chain of 
conjugated bonds is hydrogenated, because the effect is to shorten the chain. Leuco- 
compounds are formed when many dyes are reduced; these have bands that lie at 
shorter wavelengths than do those that the parent compounds have. A shift to the 
long-wave side cannot be taken to mean that the compounds are reduced, and there 
are thus no conflicts in the spectroscopic data when our explanation of the photoreduc- 
tion is used. 

We hold that Gachkovskii’s views on the reactivities of chlorophyll and of magnesium 
phthalocyanin are contradictory. He says [l, p. 758] that these pigments can react 
with the solvent in three distinct ways, including “via the ring system of conjugated 
bonds’’. He makes this reaction in chlorophyll (p. 758) essentially imply that a biradical 
is formed, which must mean that he either allows that biradicals can occur, or assumes 
that the reaction with the conjugated system can occur without a biradical’s being 
formed. His preceding discussion on the photoreductions becomes valueless in either 
case. 

SUMMARY 

Gachkovskii’s ideas on the elementary photoreactions of chlorophyll, which 
appeared in the discussion section of this journal [1], “are shown not to be justified 
in experiment. His views on the occurrence of absorption and fluorescence spectra, 
and on the photochemical activities of chlorophyll and of magnesium phthalocyanin 
(which views imply that these effects result from ligands’ joining on to the central 
magnesium atom), conflict with generally accepted ideas and are at variance with 
the simplest experimental facts. 

Gachkovskii’s own data, which he claims support his views, are contradictory, 
and in essence they conflict with his ideas. He presents the relation between the physical 
aspects of how chlorophyll absorbs light and the photoreduction in quite a wrong 
fashion and, without cause, denies that the photoreduction is possible. 

Translated by J. E.S. BRADLEY 
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PROPAGATION OF ULTRASONIC WAVES IN AQUEOUS 
SOLUTIONS OF MUSCLE PROTEINS* 


I. E. and N. I. PYSHKINA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 11 December 1958) 


KNOWLEDGE of the acoustic parameters of liquids makes it possible to calculate a 
number of magnitudes usually not amenable to direct measurement but nevertheless 
characteristic of the given liquid. By knowing the velocity of propagation of ultrasonic 
waves and the density of the substances the coefficient of compressibility of the liquid 
under test may be computed. According to Pasynskii, from the compressibility coeffi- 
cient the degree of solvation or hydration of a substance may be determined [1, 2]. 
By this means it has been possible to determine the adiabatic compressibility and 
hydration of serum albumin, egg albumin haemoglobin [3]. It was found that in all 
cases hydration was practically constant in the vicinity of the isoelectric point. As the 
charge on the molecule increased on either side of the isoelectric point the hydration 
rose gradually. It would seem that the hydration of proteins away from the isoelectric 
point is brought about chiefly through the agency of the ionized groups of the molecule 
since the peptide radicals do not take part in the acid—alkali equilibrium. The higher 
the density of the electric charges on the protein molecule, the greater the volume of 
the hydrate around the molecule. The degree of hydration of specified proteins is not 
affected by the temperature of the solution unless accompanied by denaturation of 
the protein under study. 

In the present communication results are given of measurements of the velocity 
of ultrasonic waves in solutions of fibrous proteins (myosin and actomyosin) whereby 
the degree of hydration of these proteins could be estimated and the dependence of 
hydration on the pH and the temperature of the medium determined. Certain peculiari- 
ties were found to exist, indicative of a distinct difference between fibrous and non- 
fibrous proteins. 


EXPERIMENTAL DETAILS 


The interferometer described by Velichkina and Fabyelinskii [4], and somewhat 
modified by us, was used to measure the velocity of ultrasonic waves in the liquid. 
This method is based on a study of the phenomenon of interference of ultrasonic 
waves in a layer of finite thickness. 

It is known that the amplitude of a sound wave passing through the finite layer 
of a substance bears a definite relationship to the thickness of the layer and the frequency 
of the acoustic vibrations. This is observed when the wave resistance (c 0) of the layer 
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of test substance differs from that of the surrounding medium. The intensity of the 
sound wave passing through the given layer of substance is maximal when the thickness 
of the layer is an integral number of half wave-lengths. These conditions are achieved 
by changing the frequency of the ultrasonic waves or the thickness of the layer of test 
liquid. In the interferometer used by us the thickness of the liquid layer was gradually 
varied, with parallel recording of the intensity of the transmitted wave. For this 
purpose the liquid was placed between two metal (stainless steel) rods, the length 
of each being 10 cm and their diameter 30 and 32 mm. The distance between the rods 
could be adjusted by moving the upper rod and was measured by means of a micrometer 
with an accuracy of 5 uw. To measure the velocity of propagation of the ultrasonic 
waves at different temperatures, the liquid was placed in a double-walled glass coupling, 
between the walls of which water circulated from an ultrathermostat enabling the liquid 
to be maintained with great accuracy at the desired temperature. A 0-15 mm thick 
piezo-electric plate, assembled in a special holder and emitting the ultrasonic waves, 
was clamped to the lower rod; another holder with an identical quartz plate attached 
to the upper rod served as receiver of the ultrasonic vibrations. The voltage of the 
standard generator signals was fed through a two-stage amplifier to the emitting 
quartz. The ultrasonic wave passing through the metal rods and test liquid entered 
the receiving quartz from which the voltage was fed through a three-stage amplifier: 
(coefficient of amplification 6x 104). The wave transmitted was recorded by means 
of an oscillograph which started to scan in response to a signal to the emitting quartz. 
On changing the thickness of the layer of test solution to contain integral numbers 
of half wave-lengths, systems of standing waves were periodically formed, and were 
indicated by peaks on the oscillogram. By measuring the number of peaks n against 
specific variation in the thickness of the layer d, the average length of a half-wave 
(A=2 d/n) could be determined, so that for a known frequency of ultrasonic vibrations » 
the velocity of their propagation in the liquid v2 dv/n could be calculated. The 
frequency of the ultrasonic waves was checked with a heterodyne wavemeter and 
was shown to remain constant during the period of measurement at 1400 kc/s. 
Starting from the assumption that the volume of hydrate around the ion or colloidal 
ion is an incompressible layer, Pasynskii [1] proposed the following formula for cal- 
culation of the hydration. 
A 
(1 B,) (100 g 
g 
where / hydration expressed in grams water per | gram protein 
g = the concentration by weight of the dissolved substance, 
(2/o)= the ratio of the coefficients of compressibility of solution and solvent 
determined from the velocity of propagation of ultrasonic waves y 
in these liquids and from their density 9: we would recall that 
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We used this formula in our work to determine the hydration of muscle proteins. 
It should be noted that the Pasynskii formula does not take into account the com- 
pressibility of the dissolved substance itself in the aqueous medium. However, as 
Shiio [5, 6] has shown for sugars and non-electrolytes, the compressibility of the 
molecules themselves is zero. In solutions of macromolecules, however, the com- 
pressibility of the macromolecule begins to have an effect on the measurements. 
Nevertheless, the correction factor introduced by these workers is not of importance 
when the macromolecular concentration is low and in this case the formula of Pasynskii 
gives satisfactory results [5, 6]. 

We investigated double-precipitated myosin and actomyosin extracted from rabbit 
muscle by the method proposed by Szent-Gyorgyi and modified by Liubimova. The 
velocity of propagation of ultrasonic waves (v) was determined in the protein solution 


TABLE 1. ULTRASONIC VELOCITIES IN DISTILLED WATER AT VARIOUS TEMPERATURES 


Yexp Vtab 
(m/sec) (m/sec) 


1485-0 1486 
1497-3 1497 
1509-0 1510 
1519-2 1520 
1528°4 1529 


and also in the solvent. In addition, during the investigation repeated measurements 
of vy were made for distilled water at various temperatures and (as shown in Table 1) 
the value of v,,,, found to coincide almost exactly with the figures taken from the tables 
(Y,qp) indicating the sensitivity of the interferometer used by us. 

It was found that even relatively low concentrations of myosin (7-8 mg/ml) raised 
the velocity of propagation of ultrasonic waves in the solvent and it was seen that 
the velocity in the myosin solution was dependent on the pH of the medium. We 
varied the pH of the medium by addition of NaOH or H»SO, and the hydrogen ion 
concentration was measured by means of a glass electrode. Table 2 gives the results 
of measurement of the velocity of ultrasonic waves in only four protein solutions with 
pH varying from 5:1 to 6-92. Further change in pH both on the acid and alkaline side 
was hampered by coagulation of the protein. 

As is clear from Table 2, the maximal compressibility of the solution occurred 
at pH=5-76, i.e. close to the isoelectric point, which in KCI solution lies at pH 5-4 [7]. 
The least degree of hydration of the protein, was observed close to the isoelectric 
point. 

From this table it is clear that the number of molecules of water bound to the polar 
groups of the myosin is of the same order as that found for non-fibrous proteins [1-3]. 
The effect is probably determined by the hydrophillic centres of the side chains (-OH, 
—~COOH, —NH);) and of the atoms of oxygen and nitrogen involved in the formation 
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TABLE 2. DEPENDENCE OF HYDRATION OF MYOSIN ON PH OF SOLUTION* 


Yo 
(m/sec) (m/sec) 


B/Bo h n 
11 5-1 1472-2 1467-1 0-9902 0-500 2-6 
5:76 1470-3 1466-2 0-9915 0-438 
11 1474-0 1468-9 0-9905 0-489 
1476-5 14710 | 099033 0494 | 23 


10 pH 


*7° enviromental temperature, vo velocity of propagation of ultra-sound in solvent, v velocity in 
protein solution, d density of protein solution and dy of solvent, A amount of bound water in g per g 
protein, » number of molecules of bound water per polar group protein. 


of the peptide chains and capable of binding the water molecules. It was further estab- 
lished that the degree of hydration is dependent not only on the pH of the myosin 
solution but also on its temperature (Table 3). 


TABLE 3. DEPENDENCE OF HYDRATION OF MYOSIN ON TEMPERATURE OF TEST SOLUTION* 


(Myosin concentration 18 mg/ml) 


n number of 

molecules of 

Po d do h bound water 
(m/sec) (m/sec) per polar group 

in the protein 


Vo Vv 


15 1491-3 1495-1 0-9914 1-03 1-027 0-470 
20 1510-0 1514-7 0-9899 1-0298 1-025 0-525 2: 
25 1519-5 1523-2 0:9894 1-0294 1-023 0-551 rs 
30 1524-0 1529-3 0-9885 1-028 1-0229 0-598 
35 1530-2 1537-4 | 0-9858 1-0279 1-0225 0-738 Ka 
40 1535-0 1542-6 0-9835 1-0275 1-0223 0-889 3: 


* Symbols as in Table 2. 


The results presented in Table 3 show that with rise in temperature there is a rise 
in the value Ay, i.e. the difference between the values of the velocity of sound in the 
protein solution and that in the solvent. At 15°, Av is 3-8 m/sec and at 40° is 7-6 m/sec. 
Correspondingly, at 40°C the degree of hydration of the protein also rises (from 
0-395 g/g at the enviromental temperature of 15°C to 0-889 g/g at 40°). Approximately 
the same results were obtained in the investigations with actomyosin solutions (Table 4). 


The increased hydration of myosin and actomyosin with rise in temperature may 
be due to one of two causes. With rise in temperature a process of elongation of the 
peptide linkages in the fibrous protein molecule is probable, thereby bringing into 
play new hydrophillic centres. It is considered that the oxygen atoms (=O) and the 
radicals (NH) in the peptide chain incorporate two molecules of water. It can be 
calculated that normally each peptide bond incorporates only one molecule of water, 
apparently because of spatial limitations. With rise in temperature these spatial limi- 
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TABLE 4. DEPENDENCE OF HYDRATION OF ACTOMYOSIN ON TEMPERATURE OF TEST PROTEIN SOLUTION* 
(Concentration 20 mg/ml) 


vo 


(m/sec) (m/sec) 


1491-3 1495-6 


20 1510-0 1514-0 0-9862 1-033 1-025 0-676 
30 1524-0 1535-0 0-9771 1-032 1-0229 0-120 


35 1530-2 1546-6 0-9770 1-031 1-0225 1-120 


* Symbols as in Table 2. 


tations appear to play a somewhat less important role in the hydration of peptide bonds. 
The hydrophillic terminal groups of the amino-acid side chains have a freer spatial 
distribution and are fully hydrated. 

Another possible explanation is that phenomena of denaturation of myosin and 
actomyosin start to appear at relatively low temperatures. In the case of fibrous 
proteins, as is known, denaturation is expressed in break-down of the macromolecules 
into smaller units with resulting increase in the number of terminal groups which 
can bind the particles of water. 


SUMMARY 
(1) The velocity of propagation of ultra-sound (») in aqueous solutions of myosin 
and actomyosin differed even at low concentrations from the velocity in the solvent 
(vo). With fall in temperature of the solution there was a perceptible rise in Av, the 
difference between the magnitudes of v and vp. 

(2) From the findings on the changes in the velocity of propagation of ultrasonic 
waves, and from the density of the myosin and actomyosin solutions, it was possible 
to compute the hydration of these proteins. The minimum hydration was observed 
near to the isoelectric point. With change in pH from 5-76 to 5-1 or 6-92 the degree 
of hydration rose from 0-438 to 0-500 g HO per g protein. 

(3) With rise in temperature of the muscle protein solutions there was increased 
hydration (from 0-470 g H2O per g protein at 15°C to 0-889 g at 40°C), which may be 
explained by the appearance of new hydrophillic centres as a result of elongation of 
the peptide chain. 


Translated by A. Crozy 
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INTRACELLULAR RECORDING OF MUSCLE FIBRE 
POTENTIALS. THE WEDENSKY (VVEDENSKII) EFFECT* 


P. G. KOSTIUK 
Institute of Animal Physiology, Shevchenko State University, Kiev 


(Received 5 May 1958) 


BECAUSE the problem of the mechanism of Wedensky [Vvedenskii] inhibition is of 
great theoretical significance, we decided to study it in greater detail, using for this 
purpose the intracellular potential recording method. This method is particularly 
suitable for the purpose because it makes possible the simultaneous recording of both 
rapid and long-term potential changes as well as the precise determination of their 
interrelationships at any part of the muscle fibre. 


METHODS 


We have already published details of the intracellular recording method [1l, 2]. 
Sartorius muscles of the frog with their nerve radicles were used. In some experiments 
the nerve-muscle preparation was isolated and placed in a vessel containing Ringer's 
solution; in the remaining experiments the muscle was left in the body, only its distal 
end being turned back, passed through a slit in the skin and fixed in a small bath of 
Ringer’s solution. We observed no differences whatsoever in the potentials measured 
by the two methods. 

Stimulation, both direct and indirect, was effected by means of a square-wave 
generator with a high-frequency coupled output [3]. With such an output there is 
almost complete elimination of both direct and capacitance earthing of the stimulation 
circuit, which is extremely important when the stimulating electrodes are placed near 
the recording electrode. The output cascade, the circuit of which is shown in Fig. 1, 
was arranged directly beside the preparation and connected with the output generator 
and heater-voltage source by means of a screened cable. The cascade operated on 
a carrier frequency of 9 Mc/s. Since direct stimulation of the muscle fibre was used 
in some experiments, and in addition potentials were recorded by means of a high- 
resistance intracellular micro-electrode, high output voltages were required from the 
cascade. The high output voltage was achieved by the use of three semiconductor 
diodes in series, forming a detector in the secondary circuit. The amplitude character- 
istic of the output cascade was linear over the range 1-750 V. 

For indirect stimulation, square-wave impulses’ were conveyed to the nerve through 
chlorinated silver electrodes. The same electrodes, insulated right to the end and 
arranged 1-2 mm apart, were used for the direct extracellular stimulation of individual 
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muscle fibres. In this case the electrodes were disposed along the fibre and the micro- 
electrode was introduced at various distances from the point of application of the 
cathode. In some experiments direct stimulation was achieved by an intracellular 
micro-electrode introduced into the same fibre as the recording electrode. In this 
case the external stimulating electrode was brought as near as possible to the stimulated 
fibre. The degree of stimulation was only a little above the threshold value for a given 


Output 


Fic. |. Circuit of output cascade with high-frequency coupling for stimulator. 
R,=2 kQ, C;=100 pF, C2—C3=20 pF, R2=2 kQ, R> is switched in for stimulation 
with extracellular electrodes only. 


fibre (in order to keep the number of extraneous fibres stimulated to the minimum). 
Since the magnitude of the spike potentials of the fibre is independent of the degree 
of stimulation, and the Wedensky inhibition is determined only by the pulse frequency, 
this procedure is entirely permissible. 

The photographic records were made on a film unrolling transversely in a rhythmical 
manner and slowly moving in a vertical direction. This procedure saves film. 


EXPERIMENTAL RESULTS 


The first postsynaptic reaction of the muscle fibre is the generation of the local 
potential of the motor end-plate; when sufficiently intense this gives rise to a spike 
potential in the adjacent parts of the musclefibre. By studying changes in these recactions 
under conditions of Wedensky inhibition, we can determine the changes in different 
parts of the neuromuscular junction with which they are connected. 

Relation between local and spike potentials under Wedensky-inhibition conditions. 
By introducing a micro-electrode into the muscle fibre beside the motor end-plate, 
with indirect stimulation, it is possible to record both the local and the spike potentials. 
The spike potential is superimposed on the summit of the local potential and obscures it; 
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the local potential can nevertheless be observed by the lack of uniformity in the growth 
and decay of the spike, and it is particularly well observed when the production of 
the spike is blocked in some way. 

With comparatively low stimulating frequencies (up to 100—-150/sec), there is at 
first no transformation of the local potential rhythm; here the changes that might 
be related to Wedensky inhibition are dissipated in the postsynaptic structures. With 
stimulation frequencies up about 50/sec, the muscle fibre can respond to each impulse 
with a maximal spike potentials. A change in the stimulation frequency to a higher 


Fic. 2. Spike and local potentials from the region of the motor end-plate with indirect 

stimulation. Oscillogram 2 was obtained on muscle in Ringer’s solution containing 

twice the usual concentration of Ca?+ (which is associated with an increase in the 

threshold depolarization value at which local potentials generate spikes. Stimulation 

frequency is indicated beside the oscillogram; — time stimulation frequency was 
switched over, _ short break in tetanization. 


value (80 and over) at once leads to a change in the spike potential. The second impulse 
appears to be weakened, the third spike potential is as a rule somewhat stronger, 
and the fourth is again weakened, and so on (oscillogram 1, Fig. 2). After some time 
an alternating spike potential rhythm arises in the muscle fibre; at first every second 
impulse is well marked, then every third, and so on. This is followed by the complete 
cessation of the production of spike potentials in the muscle fibre; the micro-electrode 
records only the local potentials, which may be still produced for a long period, strictly 
following the stimulation rhythm and gradually weakening. 

This change in the values of the spike potentials and their complete suppression 
are fully reversible and depend only on the rhythm of the pulses reaching the muscle 
fibre. When the stimulation frequency is reduced the spike potentials again appear; 
breaks of short duration in tetanization also lead to the appearance of a full spike 
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potential (see the same oscillogram) in response to the first nerve impulse following 
the break. The rate at which the spike potential is restored depends, of course, on 
the depth of the change. With an alternating spike potential rhythm, the transformation 
disappears at once when a lower frequency is switched on. If the production of spike 
potentials is completely stopped, its restoration usually occurs only after several 
ineffective nerve impulses, following one another in a slow rhythm. 

These changes in spike potentials are also observed when the experiment commences 
with high-frequency tetanization. With a stimulation frequency of about 80 per second, 
in the course of some time the fibre shows itself capable of responding to each impulse 
with a maximal spike potential. However, the amplitude of these potentials rapidly 
begins to diminish, an alternating rhythm develops, and finally the generation of spike 
potentials ceases completely. The local potentials continue to be produced in complete 
accord with the stimulation frequency. A change in the frequency to a lower value 
(20-30/sec) now leads to the appearance of maximal spike potentials in response to 
each impulse. 

It is necessary to draw attention to the following peculiarities in these changes: 

(1) The difficulties in the production of spike potentials and their complete cessation 
are not accompanied, as might be expected, by the appearance of a marked steady 
depolarization of the motor end-plate. Steady potential changes connected with the 
summation of separate local potentials [4] are generally not characteristic of the normal 
motor end-plate. A slight steady depolarization is sometimes observed (see oscillogram 1, 
Fig. 2, beginning of tetanization at frequency 80); however, it rapidly diminishes and 
is most pronounced not in the period when spike potentials entirely cease but when 
these are still fairly strong. 

(2) The cessation of spike potential generation may be due to the progressive 
weakening of the local potentials observed with prolonged tetanization. This weakening 
is always observed although it develops at different rates in different fibres. It is difficult 
to establish the critical value of the local potential at which generation of spike poten- 
tials is still possible, because the relation between the local-potential and the spike- 
potential values changes rapidly even at short distances from the motor end-plate. 
It appears to amount to about 30 mV; in several recordings we observed local potentials 
of this magnitude without spike potentials. 

(3) The development of alternating spike potential rhythms can occur against 
a background of local potentials of identical magnitude and consequently results 
from changes in the muscle fibre itself. The intervals between the impulses at which 
alternations arise coincide with those intervals during which the relative refractory 
period after the previous impulse is still maintained. With nerve tetanization at higher 
frequencies (over 150/sec), the transmission of impulses from the nerve ending to 
the motor end-plate is usually terminated at once [5]. The local potential rhythm 
becomes slower and soon all changes in the membrane potential] of the muscle fibre 
in the region of the motor end-plate cease. A change from the Wedensky inhibition 
frequency to the optimal frequency at once leads to restoration of both local and 
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spike potentials (oscillogram 2, Fig. 2). Thus the Wedensky inhibition may develop 
not only between the motor end-plate and the muscle fibre proper, but also in the 
presynaptic nerve ending. Little attention has been paid to this in electrophysiological 
studies on neuromuscular junctions in recent years.* Incidentally, this should clarify 
Wedensky’s [Vvedenskii’s] point of view [6, 7] on the localization of Wedensky inhi- 
bition, for he applied the term “end plate’ (“kontsevaia plastinka’’) to the ending of 
the motor-nerve fibre. 

Changes in local potentials in Wedensky inhibition. With tetanization, the local 
potential of the motor end-plate gradually diminishes. This reduction occurs with 
both optimal and inhibition stimulation frequencies, but much more rapidly with 
the latter. It is evident that this tends to eliminate the spike potential, but at the same 
time it has no features characteristic of Wedensky inhibition. Diminution of the local 
potentials is not arrested at once when the stimulation frequency is changed to a lower 
value or when there is a short break in tetanization. In order to restore the initial 
local potential, it is necessary to break off stimulation for a longer time. 

The gradual weakening of the local potentials with longer stimulation can be 
associated with their alternation in magnitude, similar to the alternations in spike 
potentials of muscle fibre. Small local potentials finally disappear and the motor 
end-plate begins to respond to nerve impulses with a half-rhythm (oscillogram 1, 
Fig. 3). Then less frequent local potentials may increase and spike potentials may 
even develop (oscillogram 3, Fig. 1). But when the half-rhythm local potentials also 
weaken, the generation of spike potentials again ceases. This phenomenon may be 
the cause of the secondary optimum described by Wedensky [9]. 

In some cases intermediate local potentials do not disappear completely, but they 
diminish in steps to some negligible value (1-2 mV). These local potentials, reminiscent 
of “minature end-plate potentials’ [10] may persist unchanged for a fairly long time 
(oscillogram 2, Fig. 3). 

As has already been pointed out, complete suppression of local potentials may 
occur at once with more frequent stimulation. In these cases a change from fast to 
slow stimulation, or a short break in tetanization (with omission of a few stimuli) 
also immediately restores the local potentials to their full value. It is of interest that 
during this suppression of local potentials an aperiodic production of insignificant 
potential oscillations may be observed ; the form of these is very reminiscent of “minaature 
end-plate potentials’’ (oscillogram 4, Fig. 3). 

Changes in spike potentials in Wedensky inhibition. In order to make a more detailed 
study of muscle fibre spike potentials, it is necessary to simplify the experimental 
conditions, removing the interfering effects of motor end-plate processes. : With this 
object we studied the spike potentials produced in a directly stimulated curarized muscle 
fibre. 


* Recently data on presynaptic blocking in the neuromuscular junction has come from Eccles’s 
laboratory [8]. 
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The potentials recorded in this case differ according to the distance between the 
stimulating electrode and the recording micro-electrode. If this distance is less than 
2 mm, then two oscillations are simultaneously recorded: (1) the electrotonic potential, 
produced by the stimulating current, and (2) the spike potential, reflecting the excitation 
wave in the muscle fibre. For distances greater than 2 mm the electrotonic potential 
becomes negligible and only the spike potential remains. 


Fic. 3. Local potentials from the region of the motor end-plate with indirect stimulation. Uncurarized 
muscle. Same symbols as in Fig. 2. 


For distances of less than 2 mm between the cathode and the recording electrodes, 
changes in the electrotonic and spike potentials depending on the stimulation frequency 
are reminiscent of those changes which occur in the region of the motor end-plate 
with indirect stimulation; the position of the local potentials is now occupied by the 
cathode electrotonic potentials produced by the stimulation current. With prolonged 
tetanization the cathode electrotonic potentials gradually diminish in a similar manner 
to the motor end-plate local potentials; yet in contrast to the local potentials they 
do not undergo transformation or complete suppression at high frequencies but fuse 
to form an almost continuous steady depolarization. 


The spike potentials are produced at first in response to each cathode electrotonic 
potential, but even with a frequency of 60-80/sec they are not maintained for long. 
The alternating rhythm of the spike potentials rapidly develops and finally their pro- 
duction entirely ceases (oscillogram 1, Fig. 4, frequency 60/sec). Here a change from 
the inhibition to the optimal frequency results in the reappearance of the spike poten- 
tials; but as with indirect stimulation, they usually appear only after a number of 
ineffectual stimuli. The same oscillogram shows that the spike potentials were restored 
when the frequency changed from 60 not to 20 but to 3 per sec (although up to the 
inhibition stimulation a frequency of 20/sec produced maximal spike potentials without 
any rhythm transformation). 
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For distances greater than 2 mm between the stimulating and recording electrodes, 
the matter is complicated either by decreases in amplitude or by restoration to the 
maximal value of impulses weakened in the relative refractory phase [4]. Consequently, 
with these distances we observe maximal spike potentials only if their frequency does 
not exceed 80/sec. At a stimulation frequency of even 100/sec the fibre responds imme- 
diately with a rhythm reduced to one-half or one-third (oscillogram 2, Fig. 4); at 
higher frequencies the spike potentials disappear entirely (oscillogram 2, Fig. 4, frequency 
240/sec). When the inhibition frequency changes to the optimal, maximal spike po- 
tentials are restored, but with a slower rhythm than that of the stimulation frequency 
(oscillogram 3, Fig. 4). 


Fic. 4. Catelectrotonic and spike potentials of curarized (d-tubocurarine | » 10-0) 

muscle fibre with direct stimulation by extracellular electrodes. Oscillogram 1: distance 

between stimulating electrode and recording micro-electrode 1:0 mm. Oscillograms 

2-3: spike potentials under the same stimulation and recording at a distance of 2 mm 
from the stimulating electrode. Same symbols as in Fig. 2. 


The changes that lead to cessation of the production of spike potentials in muscle 
fibre when it is subjected to direct rhythmic stimulation are of strictly local origin. 
arising under the cathode. If the direction of the stimulation current is changed in 
this period, then spike potentials are immediately produced in the region of the new 
cathode, although the distance between the stimulating electrodes in our experiment 
was only 1-1-5 mm. Evidently, these changes are similar to the “local fatigue’ of 
Sheminsky [11]. 


| 
y 
~ Pe 
Fm 
= 
pp 
4 


Intracellular Recording of Muscle Fibre Potentials. The Wedensky Effect 13 


Effect of anticholinesterase preparations. A number of workers studying Wedensky 
inhibition have devoted special attention to the changes following cholinesterase 
blocking [12-15]. Anticholinesterase preparations facilitate the production of inhibition, 
long and intensive polarization in the region of the motor end-plate being produced 
by rhythmic stimulation. It is supposed that these facts point to a connection between 
Wedensky inhibition and excess liberation of mediator, which leads to extreme de- 
polarization of the motor end-plate (or “receptive substance’’) and cathodic depression. 

According to our results, poisoning with a neostigmine preparation (5 x 10~°) 
prolongs the motorend-plate local potentials. With rhythmic stimulation even of 
low frequencies, intensive summation of the local potentials occurs, leading to steady 
depolarization of the motor end-plate. The generation of spike potentials by infrequent 
stimuli, with no marked summation of local potentials, is not disturbed. When the 
rate of stimulation is increased, the spike potentials disappear much more quickly 
than is usual. With a stimulation frequency of 100—150/sec, only one spike potential 
usually arises, in response to the stimulus, but with higher frequencies applied after 
preliminary tetanization this may also be absent (oscillogram, Fig. 5). 


al 


Fic. 5. Spike and local potentials from the region of the motor end-plate with indirect stimulation 
10 min after the commencement of neostigmine action (5 « 10—°). Same symbols as in Fig. 2. 


At the same time, these results show that even when cholinesterase blocking is 

applied steady depolarization of the motor end-plate cannot be regarded as the direct 

cause of the suppression of spike potentials in muscle fibre. The depolarization of 
the plate which occurs with prolonged stimulation rapidly weakens and finally amounts 
to nothing; the generation of spike potentials nevertheless remains suppressed. More- 
over, on the descending inflexion of the steady depolarization, the suppression of spike 
potentials is usually more marked than on its summit (oscillogram 2, Fig. 5). When 
the stimulation rate is increased to 150 to 200 per sec (oscillogram 3-4, Fig. 5) the 
steady depolarization does not increase in intensity, but its duration diminishes 
markedly; the spike potentials are then entirely suppressed. 

Consequently, even when cholinesterase activity is suppressed, the Wedensky 
inhibition cannot be due to steady depolarization of the motor end-plate. As in the 
blocking of nerve-muscle transmission by large amounts of acetylcholine [16, 17]. 
this depolarization appears to be a secondary factor. 
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DISCUSSION OF RESULTS 


The results given here show that when rapid nerve impulses arise in the nerve, 
not one but a whole series of processes develop in the neuromuscular junction to impede 
muscle excitation. These processes may include conduction changes in the presynaptic 
fibres, changes in transsynaptic activity and changes in the activity of the motor end- 
plate of the muscle fibre proper. 

With more rapid stimulations presynaptic blocking of the neuromusclar transmission 
occurs. It is clear that this cannot be ascribed to the exhaustion of a supposed mediator 
[18], because it often develops after even one or two impulses. We have not yet had 
an opportunity of directly studying the changes on which it is based. The blocking 
develops in the terminal nerve radicles themselves, which indicates that the impulse 
in these is distributed in a different manner from that in the proximal parts of the fibre. 
The fineness of the terminal radicles suggests that the stimulation waves in them might 
be greatly retarded. In this way conditions are developed for the processes described 
by Vorontsov [19, 20], which here consist in direct interaction of nerve impulse. 
The hypothesis that presynaptic blocking is actually connected with the interaction 
of impulses is supported by the development of alternating rhythms in the local poten- 
tials of the motor end-plate and by the immediate restoration of local potentials when 
the inhibition stimulation frequency is changed to the optimum frequency or when 
there is a short break in tetanization. 

If presynaptic blocking does not occur, then the impulses reach the synaptic junctions 
and give rise to rhythmical end-plate potentials, but they also produce a fairly steady 
depolarization. We are unable to agree with the opinion that the main cause of Wedensky 
inhibition is the strong steady depolarization of the motor end-plate or “receptive 
substance”’ [21, 22]. In no part of the muscle fibre adjoining the motor ending, is 
a polarization observed with inhibition stimulation of an intensity that might lead 
to cathodic depression of the latter. On the contrary, with such stimulation a rapidly 
accelerating decline is observed in both the rhythmic local potentials and the steady 
depolarization. This occurs not only in the normal neuromusclar junction, but also 
in junctions poisoned with anticholinesterase preparations. 

The progressive weakening of local potentials which is always observed with rapid 
stimulations is sometimes considered to reflect a reduction in mediator separation. 
There are no direct proofs of this hypothesis: the same effect can be considered to 
reflect the progressive decline in sensitivity to transsynaptic activity of the motor 
end-plate. It is important to note that a diminution in electrotonic potentials is also 
observed with direct rhythmic stimulation of muscle fibre; in this case it is undoubtedly 
a postsynaptic process similar to the “local fatigue’’ of Sheminsky. The probability 
that such processes participate in the mechanism of Wedensky inhibition has already 
been pointed out by Vorontsov [19]. 

Both with presynaptic blocking and with weakening of the end-plate potentials 
no electromotor changes occur in the muscle fibre itself: impulses simply do not arise 
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in it. But in some cases where rapid stimulations are used, the production of spike 
potentials in the muscle fibre goes on for some time, and this is accompanied by definite 
functional changes in the fibre. The most characteristic is the production of spike 
potentials alternating in amplitude. Evidently, the usually accepted explanation of 
these rhythms (in recordings from the whole muscle or nerve) by differences in the 
duration of the refractory period in different fibres cannot be accepted in this case. 
These alternations are created by processes in one and the same fibre and are most 
likely connected with the rapidly progressive increase in the relative refractory period. 
At the same time the refractory period following maximal impulses is markedly pro- 
longed. After a weakened impulse it is shorter and this determines the restoration 
of the following impulse to its maximum value. 

Some workers have suggested that the lengthening of the refractory period of 
muscle fibre when rapid impulses reach the motor end-plate and the weakening of 
the impulses in the refractory period are basic factors in Wedensky inhibition [23]. 
However, this is not so. Spike potentials weakened in the relative refractory period 
are recorded in the muscle fibre at a distance of only several millimetres from the point 
at which they arise. Moreover, they either die out or remain in their own location and 
increase to their maximal value. Consequently, only maximal spike potentials travel 
along almost the whole of the muscle fibre, although these are reduced in frequency. 
Their frequency, however, amounts to several tens per second, which is entirely sufficient 
to support the full tetanic contraction of the fibre. 

Summarizing the results obtained, we can conclude that the “physiological para- 
biosis”’ giving rise to Wedensky inhibition in the neuromuscular junction cannot be 
identified with the parabiosis occurring, for example, in the nerve under the action 
of potassium chloride. The changes in the synaptic junction are much more complex. 


SUMMARY 


(1) Changes accompanying the development of Wedensky [Vvedenskii] inhibition 
in the myoneural junction were studed by intracellular recording of potentials of separate 
fibres in the sartorius muscle of the frog. 

(2) With nerve stimulations of up to 100-150/sec the rhythm of the motor end-plate 
local potentials remained untransformed for a fairly long time. The spike potentials, 
which were produced against a background of local potentials at a frequency above 
80/sec, were at first alternating in amplitude; later they disappeared, completely. 
Reduction of the stimulation frequency restored the production of maximal spike 
potentials (immediately, in response to the first slow impulse, in the case of amplitude 
alternations; after a number of ineffectual impulses in the case of incomplete block). 

(3) With these stimulations, the local potentials of the motor end-plate gradually 
weakened in amplitude, and this led to the cessation of the production of spike potentials. 
No intensive steady depolarization with a cathodic depression that might be related 
to the cessation of the production of spike potentials was observed in the motor end- 
plate. 
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(4) Similar changes could be observed when the muscle fibre of curarized muscle 
was directly stimulated and the potentials were recorded at a distance of 1 to 2 mm 
from the point of stimulation. The catelectrotonic potentials then recorded also gradually 
weakened. 

(5) With nerve stimulation frequencies of over 150/sec, the rhythm was at once 
transformed, and then the production of local potentials entirely ceased (and naturally 
also the production of spike potentials in the muscle fibre). Both potentials were at 
once restored by a reduction in the stimulating frequency or by a short break in te- 
tanization. 

(6) It is concluded that Wedensky inhibition in the neuromuscular junction is a 
complex process, comprising blocking of impulses in presynaptic nerve endings (at 
higher stimulating frequencies), weakening of transsynaptic activity and also, in some 
cases, changes in the muscle fibre itself associated with lengthening of its refractory 


period (although the latter need play no essential part in inhibition). 


Translated by E. Hayes 
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CHANGES IN THE SORPTION OF STAIN IN FROG SPINAL 
GANGLIA IN RELATION TO THE FREQUENCY AND 
INTENSITY OF STIMULATION OF THE SCIATIC NERVE* 


A. A. LEv 
Institute of Cytology, Academy of Sciences of the U.S.S.R., Leningrad 


(Received 23 May 1958) 


IN the last 10 years it has been manifestly proven that the passage of excitation waves 
in nervous tissue is accompanied by a whole series of material changes. Thus, for 
example, the alteration of the mechanical properties of a nervous conductor during 
excitation has been demonstrated [l, 2]. Excitation of a nervous conductor is also 
accompanied by an alteration of its optical properties [3-6]. Using Kaiushin and 
Liudkovskaia’s interference method [8] it has been possible to record a wave of change 
of volume in the nerve following the wave of electrical phenomena. Alterations of 
the viscosity of the protoplasm of the giant nerve axon of the squid during excitation 
have been demonstrated in Flaig’s experiments [9]. 

The sorptive properties of nervous tissue alter during excitation, as can be inferred 
from the altered ability of the tissue to bind vital stains [10-19]. The establishment 
of a relation between changes in sorption ability and stimulation parameters is of 
special interest, since it leads to a solution of the problem of the quantitative relationship 
of the material and functional changes which occur during excitation. Nevertheless 
the amount of work specially directed towards studying such a relationship is com- 
paratively small. 

Ushakov [14] first pointed to a connexion between the magnitude of change in 
nerve cell sorption and stimulation frequency. In Zarakovskii and Levins’ work [17] 
a relation was observed between alteration of neutral red sorption in the cervical sym- 
pathetic ganglia of the cat and the intensity of stimulation of the preganglionic fibres. 
A relation between sorption of vital stain and stimulation frequency was established 
by Nasonov and Suzdal’skaia [19] for the sciatic nerve of the frog. Mention should 
also be made of Romanov’s work [10], in which neutral red sorption in rabbit spinal 
ganglia was studied in relation to the effect of stimulation of a nerve for different periods 
of time. However, in most of the work mentioned above no special study of the rela- 
tionship between sorption changes and the character of the stimulation employed 
was undertaken. 

In Lev and Rozental’s work [20] it was established that the magnitude and direction 
of the sorption changes in the spinal ganglia of the frog, when these are excited via 
nerves, are related in a definite manner to the previous functional state of the pre- 


* Biofizika 4: No. 2, 143-152, 1959. 
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paration. Consequently in order to establish the real nature of the dependence of 
sorption changes on the frequency and intensity of stimulation, it is necessary either 
to ensure the complete uniformity of the material as regards its functional condition, 
or in some way to allow for the changes in the sorption level connected with the latter. 

The present work is an attempt to establish a relation between neutral red sorption 
in the spinal ganglia of the frog and the frequency and intensity of stimulation of 
a nerve, taking into consideration those changes which are connected with the initial 
functional condition of the preparation. 


METHODS* 


The experiments were performed on preparations of the sciatic nerve of the frog 
(Rana temporaria) together with spinal ganglia and roots. After removal, the sciatic 
nerve preparations along with the eighth and ninth pairs of spinal ganglia were placed 
in Ringer’s solution for 1-5-2-0 hr, and then transferred to electrodes mounted in 
a moist chamber. Stimulating electrodes were placed on the distal portion of the nerve, 
and recording electrodes, connected to the input of a symmetrical oscillograph amplifier, 
were placed on the nerve alongside the [Xth spinal ganglion. The ganglia themselves 
hung freely from the electrodes in the lower part of the chamber, which was filled with 
the stain solution during the experiment. 

Stimulation of the nerve was effected by electrical stimuli of negative polarity, 
rectangular wave form and 0-08 msec duration. The stimulation frequency in different 
series of experiments was 50, 100, 200 and 1000 c/s. In experiments where the relation 
of sorption to stimulation frequency was studied, the amplitude of the stimuli was 
made equal to the threshold of the least excitable fibres present in the nerve trunk 
of a given preparation, i.e. the intensity of stimulation was such that no increase in 
the amplitude of the action potential was obtained by further increasing the intensity. 
In future this magnitude of stimulation will be referred to as the maximum threshold. 
The maximum threshold was approximately 218-5 per cent of the average value of 
the threshold for the most excitable fibres, determined by the appearance of the first 
signs of an action potential. 

In the series of experiments where the effect of frequencies from 50 to 500 c/s was 
studied, the amplitude of the stimuli employed was made equal to the maximum 
threshold for that frequency. In the series where the frequency was 1000 c/s it proved 
impossible to determine the thresholds using this frequency, since even in the first 
30-45 sec required for measurement a marked change was observed in the magnitude 
of the electrical response of the nerve (rhythm transformation and subsequent blockage). 
Therefore determination of the threshold and the maximum threshold in this series 
was carried out at a frequency of 100 c/s. 

Stimulation was begun directly after the lower portion of the moist chamber had 
been filled with a 0-19/p solution of neutral red, prepared in sodium bicarbonate-free 


* A more detailed description can be found in the paper by Lev and Rozental’ [20]. 
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Ringer’s solution. The period of stimulation in all experiments was 40 min. Control 
(pair) preparations were placed in the same chamber, but received no stimulation. 
After stimulation the preparations were removed from the chamber and the ganglia 
were severed from the nerve and roots and placed in tubes containing 0-6 cm} of 70°/) 
alcohol, acidified with sulphuric acid. Two ganglia from either the control or the 
treated preparations were placed in each tube. Extracts were compared colorimetrically 
in a Pulfrich photometer. The amount of stain bound by the ganglia was characterized 
by the extinction value for the solution (£), and the ratio of the extinction value for 
the experimental preparation (£,) to that for the control (£,), taken as 100 per cent, 
indicated the magnitude of the sorption change due to stimulation (E,/E, °/o). 


RESULTS OF DISCUSSION 


We examine first the results obtained from a study of changes in sorption in spinal 
ganglia and their dependence on the frequency of stimulation. For this purpose eight 
series of experiments were carried out between October and December, 1956, with 
stimulation frequencies of 50, 100, 200, 500 and 1000 c/s. Each series was performed 
on frogs from the same consignment and seven to twelve pairs of preparations were 
studied. The results are presented in Table 1, the results of four series of experiments 
being included in the “100 c/s frequency of stimulation’ column. These series of 
experiments have been considered in detail in a previous paper [20], and it was shown 
‘that a particular stimulation frequency could produce changes of different magnitude 
and direction in the sorption capacity of spinal ganglia, depending on the initial 
functional state of the preparation. In the same paper it was shown that the initial 
functional state of the preparations could be characterized by the sorption value 
(extinction) of the control preparations, which were unstimulated.* 


TABLE 1. THE AVERAGE VALUES OF THE CHANGES IN SORPTION OF NEUTRAL RED IN FROG SPINAL GANGLIA 
ON STIMULATION OF THE SCIATIC NERVE WITH STIMULI OF DIFFERENT FREQUENCIES AND THE AVERAGE 
EXTINCTION VALUES FOR THE CONTROL PREPARATIONS 


Frequency of stimulation 50 c/s 200 c/s S500 c/s 1000 c/s 


No. of experiments 8 7 8 


The changes in sorption 
of stain in percentage —20-4 | +266  —0:25  —5- +-27-04 1-4 
of the control value | +5: +-4+3 L111 +6 L&I 19 


Control extinction 0-531 | 0-540 | 0:264 | 0525 | 0-414 | 0-447 
values E, £003 +002 40-03 |4004 (40:04 40-01 


In Table 1 average extinction values are given for the control ganglia in all series 
of experiments: it can be seen that these values are not the same in different series. 


* Fig. 1 (B) is a graph of the alteration of sorption ability of the ganglia at a stimulation frequency 
of 100 c/s relative to functional state, as given by the extinction values for the control preparations. 
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This, in its turn, is an indication of differences in the initial functional condition of 
preparations in Corresponding series. 

Change in sorption on stimulation is dependent on the initial functional condition 
of the preparations. Therefore in order to establish a relation between these changes 
and stimulation frequency, it is meaningful only to compare those series of experiments 
in which the functional condition of the preparations was identical or only slightly 
different. In other words, only those series can be compared where the average extinction 
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Fic. 1 (A). Relation between changes in sorption of neutral red in frog spinal ganglia 
and frequency of stimulation of the sciatic nerve. / — drawn directly from the experi- 
mental data; /J — corrected for inhomogeneity in the functional condition of the 
preparations in different series of experiments. The sorption changes are given 
relative to the level of sorption at a stimulating frequency of 100 c/s. (B) Relation 
between sorption changes at a frequency of 100 c/s and the initial functional condition, 
determined by the extinction values of the control preparations (E,). 


values for the control preparations are close to one another. Therefore, to enable 
a comparison to be made with results obtained at other frequencies the series which 
involves the 29-6 per cent decrease in sorption capacity and possesses an average control 
extinction value of 0-540, must be selected from the series of experiments at the 100 c/s 
frequency level. 
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A graph of the changes of neutral red sorption in frog spinal ganglia constructed 
on this principle is presented in Fig. 1 (A) (curve J). From this graph it follows that 
changes in sorption capacity at stimulation frequencies of 50, 200 and 1000 c/s are 
slight and it can be considered that practically no change in sorption capacity is caused 
by stimulation at these frequencies. Considerable changes in sorption occur at 100 
and 500 c/s frequencies, although the direction of the changes in these cases is opposite. 
These deviations are, however, statistically significant. 

It should be emphasized, however, that curve J in Fig. 1 (A) is only a first approx- 
imation to the relation between change in sorption ability and frequency of stimulation. 
Actually in comparing the changes in sorption ability of ganglia at different frequencies, 
values were taken from different series of experiments, in which, judging by the average 
extinction values of the control, the functional state of the preparations was not fully 
identical (Table 1). Consequently the points of the curve are determined not only 
by the relation of sorption change to frequency but also by the particular features of 
the functional condition of the preparations. 

We now attempt to establish the real nature of the relation of sorption change 
to frequency, i.e. to single out these changes which are responsible for differences in 
the initial functional condition of the preparations. 

The graph in Fig. 1 (B) (for details of its construction see [20]) allows the value 
for change of neutral red sorption at the 100 c/s stimulation frequency to be determined, 
if the extinction values for the control preparations are known. Using this graph, 
we can find the sorption change values for all the series of experiments represented 
in Table 1, and then transfer these values to the graph in Fig. 1 (A).* The position 
of the points (represented as squares on the graph) indicates what the sorption changes 
would be if the frequency of stimulation in all series of experiments was the same and 
equal to 100 c/s. It can be seen from the graph that these points in all series, except 
those where the frequency of stimulation actually was 100 c/s, do not coincide with 
the experimental values (the points in curve /). Hence it follows that at one particular 
functional state the values for sorption change at different stimulation frequencies 
are different, i.e. they depend on the frequency of stimulation. It is obvious also that 
for each series the difference between the experimental value (the points of curve /) 
and the value found from the graph for the 100 c/s frequency (the squares) will be an 
indication of the sorption change due to change in the frequency of stimulation. 
Having determined the value of the differences for each series of experiments, a graph 
can be constructed (curve // in Fig. 1 (A)) which shows by what percentage the sorption 
change at a given frequency of stimulation exceeds the sorption change at a frequency 
of stimulation of 100 c/s. A comparison of curves / and J] shows that they are similar 
in form and that only slight differences can be observed. 


* The series giving the 29-6 per cent result in the “100 c/s frequency of stimulation’ column in 
Table 1 was used to construct the graph; but since all the results given in this column are included 
in the material which was used as a basis for the construction of the curve in Fig. 1 (B), any of these 
series might have been used with equal success. 
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The frequency of stimulation, i.e. the number of impulses of excitation arising 
in the nerve elements of the ganglia during the experiment, at a first approximation 
must be proportional to the work done in these elements in the process of excitation. 
However this will be correct for a known frequency range only. Thus, according 
to the data of Svaetichin [21], the cellular (nucleo-cytoplasmic) component of the electri- 
cal activity in frog spinal ganglia disappears at frequencies above 100 c/s. 

The 100 c/s frequency is critical in the respect that it also produces considerable 
changes in the cellular components of the electrical activity, which take the form of 
fluctuating rhythms and a decline in the amplitudes of the action potentials. It is 
very probable that the absolute value of the critical frequency can vary somewhat 
depending on the functional state. However, when this level is considerably exceeded, 
a response in the cell either does not occur, or it is extremely small. Hence it follows 
that increasing the frequency of stimulation from this level to 200 c/s for example 
should not have had any effect on any process which depended on the activity of the 
cell. If the changes in sorption ability of ganglia during stimulation occur only on 
account of the sorption level of the cells, then it is not possible to explain the different 
degree of change at 200, 500 and 1000 c/s frequencies. 

Besides nerve cells and connective tissue elements, the mass of the spinal ganglia 
is made up of conducting fibres which also sorb stain. Maximal change in sorption 
in conducting fibres occurs at a frequency of 100 c/s [19].* The sorption change in 
the conducting elements unavoidably must be reflected to some extent in the total 
sorption changes in the spinal ganglia. The specific significance of these changes remains 
unclear. Nevertheless it can be supposed that the changes which occur at frequencies 
of stimulation exceeding the critical frequency for the cellular elements can be explained 
as sorption changes in the conducting elements of the ganglia. 

The relation of sorption changes to frequency of stimulation is probably different 
in the case of conducting and cellular elements. The relation of the sorption change 
of the whole ganglion to the frequency of stimulation will be the algebraic summation 
of at least two characteristics. 

If the above propositions are accepted the curve relating sorption change to stimu- 
lation frequency can be explained in the following manner. At low frequencies the 
changes in the sorption of vital stains are slight, since the number of “bursts of excita- 
tion’’ occurring in the ganglia is small. At the 100 c/s frequency, marked sorption 
changes occur, and the sorption capacity of the ganglia decreases. It can be supposed 
that changes of sorption in the cellular elements play the main role in this. Support 
for this hypothesis is gained from the fact that in Nasonov and Suzdal’skaias’ experi- 
ments a decrease in sorption of stain by conducting fibres was not observed at any 
of the stimulation frequencies studied by them (20-1000 c/s). Authors who have 


* It should be mentioned that the conditions of stimulation employed in Nasonov and Suzdal’skaias’ 
work [19] are considerably different from those used by us. These authors also record that the frequency 
of maximum sorption change is not constant and it is displaced towards higher frequencies as the 
functional state worsens. 
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studied the sorption ability of nerves of other animals likewise have not observed 
a decline in sorption on stimulation [18]. At the same time, in the study of the changes 
of sorption of vital stains in nerve cells a decline in sorption ability on stimulation 
was observed repeatedly [10, 19] and regarded as the summation of two effects on 
the cell: the toxic effect of the stain and the effect of the stimulus — leading to some 
increase in resistance of the cell to damage [10]. 

It has already been mentioned that it is difficult to explain the sorption increase 
which occurs on raising the frequency from 200 c/s to 500 c/s as a change in activity 
of the nerve cells, whilst these changes can occur from increase in the sorption ability 
of the conducting elements of the spinal ganglia. The low level of the sorption changes 
at the 1000 c/s frequency may be dependent on the fact that in this case blockage occurs 
at the site of stimulation during the first few minutes, i.e. the arrival of impulses of 
excitation ceases or markedly diminishes. 

The 100 c/s frequency, as mentioned already, is critical with regard to the cellular 
component of the activity of the spinal ganglia. As far as can be judged on the basis 
of data obtained from nerve trunks, a 300-500 c/s frequency is critical for the conducting 
fibres. Besides a considerable amount of information in the literature, our own observ- 
ations also indicate this, showing that with the 500 c/s frequency fluctuating rhythms 
appear quite rapidly (during the first 10 min), and by the end of 40 min stimulation 
the amplitude of the action potentials has diminished by more than 50 per cent. 
Consequently the largest sorption changes in the ganglia occur at frequencies which 
are critical either for the cellular elements of the ganglia (100 c/s), or for the conducting 
elements (500 c/s). 

We now examine those series of experiments, where the frequency of stimulation 
remained constant (100 c/s) and the amplitude of the stimuli was varied from series 
to series, in order to establish whether a relation exists between the changes in sorption 
of vital stains and the intensity of stimulation of a nerve. The data of the four series 
of experiments already mentioned above, where the intensity of stimulation was made 
equal to the maximum threshold (218-5 per cent of the threshold), are relevant here, 
as well as those series where the amplitude of the stimuli was 150, 500 and 1000 per cent 
of the threshold value. 

The average values of the changes in sorption, obtained in these experiments, 
are given in Table 2. The average values of the magnitude of extinction in the control 
preparations for each series is indicated in the same table. 

Thus as in determination of the relation of sorption to frequency, in constructing 
a curve of the dependence of sorption change on stimulus intensity it is necessary for 
comparison to select those series of experiments which have the closest control extinction 
values. Therefore it is necessary to select the series with the 29-6 per cent result and 
E =0-540 from that series, in which the intensity of stimulation was equal to the maxi- 
mum threshold. Curve / (Fig. 2), constructed from experimental data, can only approxi- 
mately characterize the dependence of sorption change on intensity, since the functional 
condition of the preparations in the series under comparison was not fully identical 
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TABLE 2. THE AVERAGE VALUES OF THE CHANGES IN SORPTION OF NEUTRAL RED IN FROG SPINAL GANGLIA 
ON STIMULATION OF THE SCIATIC NERVE WITH STIMULI OF DIFFERENT INTENSITIES AND THE 


EXTINCTION VALUES FOR THE CONTROL 


AVERAGE 


PREPARATIONS 


Amplitude of the sti- 
muli in percentage 150°/ Maximum threshold (average 218-5°/9) 500°/o 1000°/5 
of the threshold 


No. of experiments 12 10 


12 


The changes in sorp- 
tion of the stain 


in percentage of 13-9 29-6 20-4 ~ 26°6 0-25 +0-33 +-0-53 
the control value 15-4 5-9 8-6 +63 
Control extinction 0-418 0-540 0-389 0-264 0-375 0-534 0-573 
values E, 0-05 +O-1 10-03 +-0-02 0-03 0-05 + 0-04 


(different control extinction values). The curve in Fig. 1 (B) was constructed on the 
basis of the results of those series of experiments where stimulation was carried out 
at a frequency of 100 c/s and the intensity of stimulation equalled the maximum 
threshold; it is necessary to repeat the procedure which was employed to give precision 
to the curve relating sorption to frequency of stimulation, in order to make the depen- 
dence of sorption change on intensity more precise. Curve // (Fig. 2), which was 
constructed in this manner, indicates the percentages by which the changes in sorption 
at a given intensity of stimulation exceed those which arise when the intensity of stimu- 
lation equals the maximum threshold. Curve // is little different from Curve /. This 
indicates that the inhomogeneity of the material as regards its initial functional condition 


E %o 


- 


20 


1000% of threshoid 


O- c/s 


Fic. 2. Relation between changes in sorption of neutral red in frog spinal ganglia 
and intensity of stimulation of the sciatic nerve. /— drawn directly from the experi- 
mental data: // — corrected for inhomogeneity in the condition of the preparations 
is different series. The sorption changes are given relative to the sorption level at 
a stimulating intensity equal to the maximum threshold (on average, 218-5 per cent 
of the threshold voltage). 


e 
: 
> 
4 
+ 
A 
ary 
a 
E- Eno 
] 
0 100 500 
‘ 


Changes in the Sorption of Stain in Frog Spinal Ganglia 


in the given instance alters the configuration of the curve to a comparatively slight 
extent. 

From the graph (Fig. 2, curve J) it follows that with stimuli amplitudes equal to 
150 per cent of the threshold, the sorption changes in ganglia are slight. The average 
value of the changes in sorption (+13-9 per cent) are not statistically significant in 
this series (m= -+-15-4 per cent). The greatest changes in sorption ability (—29-6 per cent 
:-5-9) were obtained where the amplitude of the stimuli were equal to the maximum 
threshold (218-5 per cent of the threshold). On raising the intensity of stimulation 
to 500 and later to 1000 per cent of the threshold values the curve returns to the zero 
level, i.e. at these intensities of stimulation of a nerve, changes in the sorption ability 
of the spinal ganglia do not occur. 

Thus contrary to the situation observed on changing the frequency, alteration 
of the intensity of stimulation of a nerve does not lead to a change in the direction 
of the shifts of sorption capacity. This can be explained easily by the fact that, owing 
to the existence of regulation of the amplitude of travelling impulses in conducting 
fibres [22, 23], increasing the intensity of stimulation at first leads only to an increase 
in the number of functioning fibres as a result of the triggering of fibres of lower 
excitability; later, on the other hand, it leads to a decrease in the number of functioning 
fibres as the result of blockage at the site of stimulation in the case of high intensities 
of stimulation. A change in the number of axons excited and a corresponding change 
in the number of cells excited cannot bring about a change in direction of the shifts 
in sorption ability, as has been demonstrated experimentally. 


SUMMARY 


(1) A relation has been established between changes in the sorption of neutral 
red in frog spinal ganglia and the frequency of stimulation of the sciatic nerve 
(50-1000 c/s). At a stimulation frequency of 100 c/s there was a decrease, and at a 
frequency of 500 c/s an increase in the sorption in spinal ganglia tissues. 

(2) The magnitude of the sorption changes in the spinal ganglia depended on 
the intensity of stimulation of the nerve. At a frequency of 100 c/s a marked decline 
was observed in sorption when the intensity of stimulation was equal to the maximum 
threshold (218-5 per cent of the threshold). 

(3) Those changes which determine the details of the initial functional condition 
of the preparations were taken into consideration and singled out when determining 
the dependence of sorption on stimulation frequency and intensity. 

(4) The hypothesis has been put forward that the changes in sorption in spinal 
ganglia at low frequencies of stimulation are determined mainly by the changes in 
sorption ability of the nerve cells, since at high frequencies they depend on sorption 
changes in the axons. 


Translated by C. R. PRINGLE 
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* There is a translation into English of this work. 


EXPERIMENTAL MEASUREMENT OF ELECTRICAL 
QUANTITIES IN BRAIN TISSUE* 


Iu. V. DUBIKAITIS 


The Polenov State Neurosurgical Research Institute Leningrad 


(Received 3 January 1957) 


IN the study of the electrical conductivity of animal tissue [1-16], the question naturally 
arises of how the tissue behaves during passage of electrical current through it and 
what can be employed as a criterion of alterations in the metabolic processes of the 
We have attempted to determine to what extent the results of a method of 
measuring impedance at different frequencies can be used to explain these or other 
processes occurring in normal or pathological states. 


tissue. 


* Biofizika 4: No. 2, 153-157, 1959. 
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In a chronic experiment performed on 25 cats, a model of subdural haemorrhage 
was arranged by expanding a rubber capsule in the subdural space of the right cerebral! 
hemisphere. Four silver electrodes with an active surface of | mm? were implanted 
in the grey matter of the frontal and temporal lobes, each | cm distant from the capsule. 
Measurements of the resistance and capacitance of brain tissue were made via these 
electrodes; an a.c. bridge measurement method with an accuracy up to 0-1 per cent 
was employed. Plotting the results of our measurements of the resistance and capacitance 
of brain tissue, curves are obtained which express the relation of resistance and capaci- 
tance to frequency in kilocycles per second (Fig. | (a)). On a logarithmic scale this 
relation is in the form of straight lines, described by the equations R=aw~° and 
C=a, o—™” where a is the initial ordinate and y the angular coefficient (Fig. 1 4). 
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Fic. 1. a: the relation of resistance and capacitance to frequency. /—right cerebral 
hemisphere; 2—left cerebral hemisphere. § 

hb: the relation of resistance and capacitance to frequency, plotted on a logarithmic 

scale. 


We have assumed that electrical conductivity here is dependent on the ions which 
are present in the tissue. Jons, having a small mass relative to charge, move much 
faster in an electrical field than protein molecules, which with the same charge are 
of incomparably larger mass than an ion. Consequently, if the above assumption is 
justified, we shall have the same relation of resistance and capacitance to frequency 
as in ordinary salt solutions. 

To verify this R and C values were measured for solutions of CaCl,, MgSO, and 
NaCl in different concentrations (from 0-1 to 16 per cent). We found the relation of 
resistance and capacity to frequency in the solutions quoted was similar to that obtained 
as a result of brain tissue measurements (Fig. 2 a, 6). From our measurements it was 
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apparent that the coefficient a was inversely proportional to the concentration of the 
solution and that the coefficient v was altered in solutions with univalent ions, while 
remaining virtually unaltered in solutions with divalent ions. 

The decrease in resistance of the circuit as the frequency of the alternating current 
increases was an indication of a capacitance component. Capacitance is directly 
proportional to permitivity. 
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FiG. 2. a: the dependence of electrical resistance of NaCl salt solutions of different 
concentrations on frequency in the 1-15 ke/s range. 
b: the dependence of electrical resistance of MgSO, and CaCl, salt solutions of 
different concentrations on frequency in the 1-10 ke/s range. 
(/) 0-199 MgSOxq; (2) 0°1/o CaCl>; (3) 1:0°/9 MgSOx4; (4) 1:09/, CaCls; (5) 5-00 0 
MgSOqz; (6) 5:09/9 CaCl; (7) 10-0°/9 MgSO; (8) 10-0°/9 CaClo. 


Concentration-diffusion polarization, the effect of which diminished as the frequency 
rose, was of substantial importance in the vicinity of the electrodes. On the other hand, 
the process of orientation of molecules or aggregates, being non-instantaneous. 
required a definite period of time; consequently polarization decreases with increase 
in frequency, and therefore capacitance also decreases. Thus we see that, in the equation 
R=aw“ in the 1-20 ke/s range. a characterizes the ion concentration, and y the 
polarization phenomena. 
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In studying electrical resistance and polarization we observed a 5-6 per cent decline 
in resistance during the acute phase of oedema, and also a reduction of the angular 
coefficient to 0-13 from the original value of 0-34. The angular coefficient increased 
during the period of improvement of the general condition of the animal. All these 
changes were observed against a background of an increase in resistance in both cerebral 
hemispheres. In the case of death of an animal the resistance rose sharply, only 
stabilizing 100-200 min after stoppage of heart beat and cessation of respiration. 
Before the experimental results can be evaluated it is necessary to separate the 
phenomena which alter resistance and capacitance as a result of the metabolism of 
the organism from those which occur at the tissue-electrode boundary. In our experi- 
ments silver electrodes were used. Consequently the formation of hydrated ions will 
take place at the tissue-silver interface, and subsequently electrolysis will occur with 
the formation of water according to the following formulae: 
H,0. 


Ag(H20O) +e —Ag-4 


Izgaryshev [17] showed that if a low frequency current is passing through a phase, 
solution of the electrode occurs. Solution of the electrode is diminished by passing 
a 20-40 ke/s current. From this it was concluded that where there is such a rapid 
transformation of anode to cathode and vice versa the metal is prevented from entering 
the hydrated complex and remains on the anode, while at low frequencies the metal 
is able to enter the complex before the load changes. Therefore the lower the frequency 
of the field, the greater the number of hydroxyl complexes which accumulate around 
the electrode, and which in their turn will affect the course of metabolic processes in 
the vicinity of the electrode. In our experiments the electrode was located in an active 
medium, in which oxidation and reduction were taking place and where electrolytes 
and a continuous flow of blood and lymph were present. And, naturally, when meas- 
uring the resistance of living tissue, a summated value was obtained, which depended 
both on the properties of the tissue and the processes occurring in the vicinity of the 
electrode. It is necessary also to take into account the fact that protoplasm is a colloidal 
system, which considerably alters the polarization of complex formations. It has 
been noted [17] that even the presence of an insignificant concentration of gelatin 
(0-005°/p) in a solution of zinc sulphate increases its polarization. Hydroxyl complexes 
are adsorbed on the surface of the gelatin particles, which form the dispersed phase 
of the given medium, but do not enter into chemical combination with it. On this 
basis we can suggest that the decrease in dispersion of a colloidal solution brings 
about a decline in polarization. As is well known, electrolysis takes place on the surface 
of an electrode as well as hydration, as a result of which resistance increases, as if 
the electrode was in a stable medium. When living tissue surrounds the electrode, 
the electrode is constantly being restored as a result of metabolic processes (movement 
of the liquid phase, etc.). An unstable equilibrium develops between the rates of gas 
formation and solution, and the formation of hydrated ions and their hydrolysis, etc. 
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Besides the causes listed above, which affect alterations in electrical values, it 
should not be forgotten that a connective tissue ridge is formed around the electrode, 
and a gradual decrease in resistance with time occurs as the intensity of the metabolic 
processes in the vicinity of the electrode diminish. Histological analysis of the ridge, 
which formed around the electrodes during the period of measurement, showed that 
friable connective tissue structures were present, which could not affect the change 
in electrical resistance. 

Let us consider the cases of rapid increase in resistance observed by us at the moment 
of death of an animal (Fig. 3). Can this fact be related to those biochemical and 
biophysical phenomena which occur at the moment of death? 


Fic. 3. 


Anaerobic oxidation predominates at the moment of death because of the distur- 
bance of all forms of circulation. As a result of this the pH of the tissue changes, the 
concentration of preformed lactic acid increases [18], the quantity of ammoniacal 
compounds increases [19] and salt components are liberated [15]. All this must reduce 
the resistance. In our experiments a sharp increase in resistance was observed, which 
only stabilized 100-120 min after stoppage of the heart and respiratory activity. The 
highest rate of change of electrical resistance in brain tissue occurs in the 15 min period 
following stoppage of the heart. In additional experiments on temperature change 
in brain tissue, it was established that owing to the high heat capacity of biological 
tissue the temperature of the brain only fell 1-1-S° during this period. A 2 change 
in temperature had little effect on electrical resistance m experiments with solutions 
in vitro. In accordance with the concept of contact phenomena expounded here, this 
situation can be interpreted as an alteration in transient resistance as a result of a rapid 
decline of the metabolic processes occurring around the electrodes, creating conditions 
which allow expression only of polarization phenomena at the electrode-tissue interface. 


In experiments involving compression of the brain we noted a decrease in resistance 
at the point of compression. Taking into consideration the fact that the alteration 
in resistance does not occur abruptly but rather over a relatively prolonged period 
of time (tens of seconds or minutes) and continues to change thereafter, a mechanical 
factor can be excluded. It can apparently be regarded that the alteration in electrical 
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resistance is a result of an increase in the rate of circulation of liquid phase (tissue 
fluid, blood, etc.) and an increase of metabolism. The decrease of the angular coef- 
ficient in the equation characterizing resistance points to a decrease in the dispersion 


of the protoplasm. 


SUMMARY 


(1) The results of electrical measurements in chronic experiments were markedly 
different from those in the case of surviving and dead tissues. 

(2) The most important factors, which affect the result of electrical resistance 
measurements in tissue under chronic experimental conditions are the following: 
the metabolic rate, the movement of the liquid phase around the electrodes, and the 
geometrical relations and the chemical composition of the electrodes. 

(3) In response to experimental compression of the brain, an increase in the circula- 
tion of blood and interstitial fluid was observed, together with an intensification of 
metabolism as a result of the predominance of carbohydrate glycolysis. It is a well 
known fact that the coefficient of carbohydrate utilization is 20-30 times lower in the 
case of glycolysis than in the case of oxidation, and that a larger quantity of carbohy- 
drates have to be split in the former case to maintain the metabolic processes in the 
tissue at their required level. 

(4) The decrease of the angular coefficient was an indication of a decline in the 
processes leading to polarization [17]. The latter circumstance is confirmation of 
a reduction in the dispersion of the protoplasm, which in its turn may be a condition 


of increased permeability. 
Translated by C. R. PRINGLE 
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ACOUSTIC STIMULI WITH INCREASING INFORMATION 
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SUBSTANCES* 


G. V. GERSHUNI, Iu. A. KLAAS, N. IA. LUKOMSKAIA, M. N. LINIUCHEV and A. A. SAGAL 


Pavlov Institute of Physiology, Academy of Sciences of the U.S.S.R., Leningrad, 
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(Received 16 June 1958) 


THE traditional methods of measuring the sensitivity of the analyser apparatus are 
totally inadequate for characterizing the activity of its central sections. It is necessary 
to work out a new technique making possible evaluation of the process of analysis 
of the stimuli by means of other criteria [1]. 

From this point of view, use of systems of stimuli of increasing statistical complexity, 
involving an increasing volume of information, seems promising [2, 3]. This method 
ought to make it possible to assess quantitatively both the complexity of the stimuli 
presented and the degree of correctness in discrimination. A technique based on this 
principle was applied in our work, together with measurement of sensitivity in order 
to evaluate the changes observed in the activity of the human central nervous system 
when under the influence of such pharmacological substances as pentaphen and 
proserine. 

Pentaphen (or Parpanit) (diethylaminoethyl phenylcyc/opentane carboxylate hy- 
drochloride) is an anticholinergic preparation possessing marked ability to disturb 
temporarily the higher nervous activity of man and animals and having a particularly 
strong action on the elaboration of new conditioned reflexes and also differential 
and extinctive inhibition. The disturbances caused by this substance can be reduced 
or completely counteracted by anticholinesterase substances such as physostigmine, 
proserine, phosphacol (diethyl p-nitrophenyl phosphate) which prevent the destruction 


* Biofizika 4: No. 2, 158-165, 1959. 
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of acetylcholine [4-7]. The antagonistic action of the anticholinergic and anticholines- 
terase substances is characteristic of cholinergic synapses (the antagonism between 
curare and physostigmine at the myoneural junction, the antagonistic action on the 
pupil of atropine and physostigmine, etc.). 
4 In previous observations on the antagonistic effect of these substances on the human 
psyche estimation of the change was made essentially on the basis of subjective infor- 
mation on the state of being and in part on the results of some verification tests. 
However, it was not always possible to make a precise quantitative assessment of 
these disturbances and it was of interest to reproduce the antagonistic action of pen- 
taphen and proserine in man and to apply the method described below to estimate 
the action quantitatively. 


METHOD 


The method used combinations of acoustic stimuli of growing statistical complexity. 
The subject was first presented with simple and then more complex sounds and his 
task was to recognize (discriminate) the signal presented. Such a method is known 
as the identification [8] or “absolute”? discrimination [2, 9] method. 

Two variants of seven sets of sounds (tests) were employed. In the first test (/;3) 
we used sounds of three different frequencies (1000, 2500 and 5100 c/s) of equal 


TABLE | 


No. Desig- Gradations of qualities _ — No.of — Information 
of nation | Frequencies Intensities | Duration | different in bits Coding 
test of test | (c's) (dB) (sec) stimuli per stimulus 


I h; 1000 40 i-2 3 (9) 1-58 Tertiary 
2500 
5100 
2 i; 1000 40, 65, 90 3 (9) 1-58 Tertiary 
3 ty 1000 40 “6 3 (9) 1-58 Tertiary 


1000 4 (16) Binary 


2500 

5 foirt> 1000 40, 65 0-6 8 (16) 3-0 . Binary 
2500 1-2 

6 frix 1000 40, 65, 90 1-2 9 (27) 3:16 Tertiary 
2500 
5100 

7 fri3t 1000 40, 65, 90 0-6 27 (27) 4:74 Tertiary 
2500 1:2 
5100 2:4 


Note. (1) Intervals: frequency 750 mel, intensity 25 dB; time 0-6, 1-2 and 2:4 sec. (2) Second 
variant differed from first in the shorter intervals in frequency scale (500 mel) and intensity (17 dB). 
Figures in brackets give number of presentations. 
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intensity (40 dB over the threshold of audibility of the subject) and of equal duration 
(1-2 sec). The interval between the frequencies on the sound pitch scale was 750 mel [10]. 
The sounds on preliminary presentation to the subject were designated as “low’’, 
“high”? and “very high’’ and the subject was asked to name the sounds presented. 

In the second test (i;) we used sounds of three different intensities (40, 65 and 
90 dB) over the threshold of audibility (gradation of intensity 25 dB) with a constant 
frequency (1000 c/s) and duration of 1-2 sec. The sounds were designated as “quiet’’, 
“average’’ and “loud”’. 

In the third test (f3;) sounds of three different durations (0-6, 1-2 and 2-4 sec) were 
used with constant frequency (1000 c/s) and intensity (40 dB over the threshold). 
The sounds were designated as “short’’, “long’’ and “very long”’. 

In the fourth test (/> i2) combinations of stimuli formed from two gradations of 
frequency (1000 and 2500 c/s) and two gradations of intensity (40 and 65 dB) were 
used with a constant duration of 1-2 sec. 

In the fifth test (/>i2f2) the same two frequencies and intensities were employed 
together with two gradations of duration (0-6 and 1-2 sec). In the sixth test (/3/;) there 
were three gradations of frequency and intensity with constant duration (1-2 sec) 
and in the seventh test (/3i3f3) three gradations of frequency, intensity and duration. 

The second variant of the tests differed from the first in the shorter intervals (grad- 
ations) on the frequency and intensity scale. Thus, we used frequencies of 1000, 
1900 and 3100 c/s (S00 mel apart on the sound pitch scale) and intensities of 40, 57 
and 74 dB over the threshold of audibility (gradation 17 dB); the gradations of duration 
remained the same as in the first variant. The characteristics of the tests are given 
in Table 1 from the point of view of the information contained in each stimulus and 
the type of coding. 

In the experiment the subject was presented with all seven tests of any one variant 
starting from the simplest statistical combinations and ending with the most complex 
in the following order: (1) /3, (2) #3, (3) 3, (4) Soir, (5) Sainte, (6) (7) Saizts. 

In each test the stimuli were delivered in random order; every possible set of 
gradations was presented once in the seventh test and from two to four times in the 
remaining tests (see Table 1). The order of identification of the gradations of the dif- 
ferent qualitigs for each subject was constant in all the experiments. The total time 
for all seven tests was 40-50 min and the order of presentation of the tests in each 
experiment the same. 

In each experiment the absolute threshold was determined statistically by the 
method of limits for all the frequency gradations. 

The latent periods of the verbal reply were measured. 

Hence, the levels of the absolute thresholds, the information perceived, and latent 
periods of the oral replies, were used as criteria for evaluating the activity of the auditory 
analyser. The amount of information perceived was computed from the results of 
the identification of the gradations of qualities for each individual test (for method 
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of calculation of the information see Garner and Hake [11] and Sagal [3]) from the 
formula: 


>» Nj log, Nj — Nix log, Nix 
== log, — 
N 


where m is the number of gradations of the quality, N the total number of signals 
delivered (perceived), NV, the number of signals delivered and perceived as j, and Nix 
the number of signals delivered as k and perceived as j. This formula was used to 
calculate the amount of information perceived in each test. The amount of information 
perceived for the entire signal was calculated as the sum of the amounts perceived 
for the different qualitites, i.e. the amounts of information perceived for each individual 
quality were assumed independent of each other. The results were treated by the 
usual method variances [12, 13]. 

During the experiment the subjects were kept in a sound—deadened room. The 
acoustic stimuli were supplied by 3G-10 and 3G-2 noise generators and the intensity 
of sound computed in dB relative to the threshold of the given subject. The duration 
of delivery of the signal was determined by the time of switching in a relay with a 
sequential action. The signals were fed automatically from a special panel. The latent 
period of the oral reply was recorded in ink by means of an oscillograph. The replies 
of the subject and the observations on him were recorded in the write-up of the experi- 
ment. 

Several control experiments were run through before starting the tests with admi- 
nistration of the pharmacological substances. The pharmacological substances were 
administered 2-3 days after the last control experiment: pentaphen at a dose either 
of 50 or 75 mg by mouth, or of 75 or 150 mg subcutaneously; and also simultaneous 
subcutaneous injections of pentaphen at a dose of 150 mg and proserine at a dose of 
2 mg. 

At the time of the maximum effect of the substance, i.e. 25-30 min after administra- 
tion by mouth and 15 min after subcutaneous injection, the basic experiment was 
performed — the absolute sensitivity was measured and the stimuli of all seven tests 
were again presented in the usual order. After a few days the control experiment 
was again carried out. The tests were conducted on seven subjects. 


RESULTS 


Fig. | shows the course of the perception of information with stimuli of varying 
statistical complexity in the control experiments of the first variant (5 subjects). It will 
be seen that for the simple tests (/3, i3, 3, foi2) the amount of information perceived 
on the second to third day equalled the entire amount of information delivered. For 
the tests foirto, fyi; and f3i3t; adaptation was virtually complete by the fifth day. 
For the first group of tests the increase in the amount of information perceived was 
not significant (P > 0-05). For the more complex tests it can be considered highly 
significant (P > 0-05) (estimation of means throughout after Fisher). 
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Fig. 2 shows the course of the curves of information perceived by 2 subjects in 
the second variant of the tests with smaller differences between the signals. It can 
be seen that for all tests, with the exception of the most complex (/3/3/3), the amount 
of information perceived did not show any appreciable rise during the five days of 


50 


40 


30 


£9; tsity 


b 7 


Fic. 1. Perception of information in control experiments of first variant. Abscissa: 
days; ordinates: information (in bits per stimulus). Arrows indicate entire information 
delivered in tests. 


the experiment. For the most complex test (/3i3/3) an increment in the amount of 
information perceived can be noted from the figure but it cannot be considered significant 
(P > 0-05). 

Hence, a comparison of the first and second variants shows a decline in the level 
of adaptation to the signals with the smaller gradations [3, 14]. 
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Fic. 2. Perception of information in control experiments of second variant. Symbols 
as in Fig, 1. 


The latent periods of the verbal replies in the control experiments underwert 
characteristic changes. The values of the latent periods were shortened from one day 
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of the experiment to the next. On comparison of the findings for the first and sixth 
days of the experiment (average findings for 2 subjects, first variant) the mean variation 
in the latent periods was 0-33+-0-05 sec which is highly significant (P < 0-01). 

As the gradations were scaled down (second variant) the decline in the latent 
period could no longer be considered significant (P > 0-05). 

Fig. 3 shows the average values for the latent periods for 3 subjects for the various 
tests of the first variant (unbroken line). It can be seen that with an increase in the 
complexity of the test the latent period was lengthened, the coefficient of the linear 
correlation between amount of information delivered by the signals in a particular 
test and the length of the latent period was highly significant (r=0-358, h=94, P < 0-01) 
(see also Hymen [15] and Crossman [16]). 


Fic. 3. Latent periods of verbal replies on administration of various doses of 
pharmacological preparations Ordinates: time in sec; abscissa: No. of test (test 
No. 3 omitted). Figures indicate: (/) control; (2) latent ‘periods with administration 
of 75 mg pentaphen; (3) latent periods on injection of 150 mg pentaphen; and (4) latent 
periods on injection of 150 mg pentaphen with 2 mg proserine. 


In Table 2 the results are given of the experiments with administration of pentaphen 
to a group of 7 subjects. From the Table it is clear that on administration of doses 
of 50, 75 and 150 mg only the highest dose produced a sharp fall in the information 
perceived. In addition, the table shows that the absolute thresholds for the acoustic 
frequencies did not undergo any noticeable changes under the influence of that dose 
of pentaphen, which sharply decreased the amount of information perceived. For 
example, on injection of 150 mg pentaphen the mean variation in the threshold levels 
was quite insignificant when compared with the controls (P > 0-2). In Table 2 the 
overall findings on the changes in the amount of information are given for all the tests. 
Study of these changes for the individual tests after administration of pentaphen 
makes it quite clear that the changes were greatest in the most complex test. 

The variation in the latent periods on administration of pentaphen are of interest. 
Fig. 3 (curve 2) shows the values of the latent periods for the different tests conducted 
with administration of 75 mg pentaphen from which it will be seen that the values 
differ from those in the controls in all the tests. On injection of 150 mg pentaphen 
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(curve 3) a sharp increase was noted in the length of the latent period especially in 
the simpler tests. It is highly probable that the relatively large rise in the latent period 
for the simpler tests is due to the fact that the effect of the preparation was maximal 
at the start of the investigation. The mean variation as compared with the last control 
experiment was highly significant (P > 0-01). Throughout the tests the values for 
the latent periods levelled out to give on average 2-1-+-0-38 sec. 


TABLE 2. MEAN VARIATION IN AMOUNT OF INFORMATION PERCEIVED (AS PERCENTAGE OF THAT DELIVERED) 
AND VALUES OF ABSOLUTE THRESHOLD BETWEEN LAST CONTROL AND BASIC EXPERIMENT WITH ADMINISTRATION 
OF PHARMACOLOGICAL PREPARATIONS 


150 mg 
pentaphen 
2 mg 
75 mg proserine 


Pentaphen 
50 mg 


0-125+0:50 0-44+0-76 O+1- 2°0+1-14 


Mean variation and mean- 
square deviation (dB) 


_ f diff t = 025 t = 0-58 t = 1-76 t = 1-76 
Significance of difference P~0-7 P~0-2 P~ 0-2 


2:94-2:3 31-4+10-6 1-4+3-7 


Mean variatio 
Mean v ariatic n and mean 6-543°3 
Amount 0 square deviation (°/9) 
information 


perceived Significance of difference 


t=195 | t=126 | t=296 | t=04 
P>00S  P>02 | 


Fic. 4. Perception of information after subcutaneous injection of 150 mg pentaphen 

and after simultaneous injection of 150 mg pentaphen and 2 mg proserine. (A) 150 mg 

pentaphen; (B) controls; (C) pentaphen 150 mg and proserine 2 mg. Symbols as 
in Fig. 1. 


Fig. 4 shows the results of experiments with 1 subject injected subcutaneously with 
150 mg pentaphen. The amount of information perceived shows a significant decline 
(P — 0-01) being particularly large for the most complex test (/3/3f3). 
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Injection of pentaphen at a dose of 150 mg combined with proserine, as in Table 2 
and Fig. 4, did not produce any marked changes in perception of information. It is 
obvious from Fig. 4 that on subcutaneous injection of 150 mg pentaphen and 2 mg 
proserine combined in the same syringe, the amount of information perceived did 
not differ from that in the control experiments. In the same way the values for the 
latent periods differed little from the figures observed in the controls (see Fig. 3, 
curve 4). 


CONCLUSIONS 


The results show that assessment of the activity of the analyser apparatus in discrimi- 
nating stimuli of increasing statistical complexity makes it possible to detect definite 
changes in the central nervous system which cannot be detected in investigations of 
the sensitivity of the analyser apparatus. From this point of view the method devized 
was useful in assessing the central disturbances in analyser activity and brought out 
very clearly the central action of pentaphen. 

The results obtained by this technique confirm earlier findings on the antagonistic 
action of anticholinergic and anticholinesterase preparations on the cholinergic struc- 
tures of the central nervous system [4-7, 16-19]. An important factor is that they 
make possible quantitative evaluation of the degree of disturbance and recovery of 
definite manifestations of higher nervous activity in man due to anticholinergic and 
anticholinesterase preparations. The findings confirm the supposition that cholinergic 
mechanisms play an important role in higher nervous activity. 

It should be mentioned that we conducted simultaneously investigations on human 
conditioned blink reflexes from which we were unable to evaluate quantitatively the 
changes observed with use of the doses of pentaphen indicated. 

However, it must be pointed out that the form of the tests employed by us (gradations 
of the qualities of the stimuli and the method of coding them) cannot be regarded as 
optimal for precise demonstration of those changes in the central nervous system 
produced by the pharmocological substances under study. A decline in the information 
perceived from the acoustic signals used by us was observed on administration of 
large doses of pentaphen: the change in the state of being and a number of signs of 
changes in the visual system were observed even with smaller doses. It is obvious that 
this very important principle of design of tests with increasing amount of information 
must be combined with a search for a suitably elaborated signal for the given type 
of disturbance in higher nervous activity (progression of the scale of qualities, its range 
and the type of coding). 

Such an investigation would be of special interest in the study of the patho-physio- 
logical mechanisms of the central disturbances of the activity of the analyser systems. 


SUMMARY 


(1) Findings are given of tests designed to discriminate acoustic signals with increa- 
sing amount of information (from 1-578 to 4-74 bits per stimulus presentation). 


> 
A 
: 
: 
fics 
¥ 
Fr 
4 


40 G. V. GeRSHUNI, Iu. A. KLAAS, N. 1A. LUKOMSKAIA, M. N. LinrucHey and A. A. SAGAL 


(2) The amount of information perceived in the seven tests with signals of increasing 
complexity was used to evaluate the state of activity of the analyser apparatus and 
at the same time the absolute sensitivity was measured. 

(3) It was found that the action of an anticholinergic substance (pentaphen) 
produced an appreciable decline in the amount of information perceived, especially 
in the complex tests, but with absence of change in absolute sensitivity. This decline 
could be counteracted by simultaneous injection of an anticholinesterase preparation - 
proserine. 

(4) The significance of the tests in evaluating the activity of the central sections 
of the analyser apparatus is discussed. 

Translated by A, Crozy 
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INFLUENCE OF INTENSE “WHITE” NOISE ON AUDITORY 
FUNCTION* 


A. A. ARKAD’EVSKII 
Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received | April 1957) 


Tue development of new techniques in industry is often accompanied by increased 
loudness and a diversity of spectral characteristics of noise. Therefore, the problems 
of the unfavourable influence of acoustic stimuli on the human body and measures 
to counteract them are still as important as ever. 

From the literature on the problem of the influence of acoustic stimuli on the function 
of the auditory analyser it is known that the levels of the auditory threshold after the 
action of measured tones or noise depend on the intensity of spectral composition 
and duration of action of the acoustic stimuli. Investigations [1-2] have shown that 
audibility is reduced at dominating frequencies in a noise spectrum with a strength 
of 100-105 dB. Sheivekhman [3] found raised auditory thresholds over the entire 
tonal scale following the action of noise of high and low frequency. Kniazeva [4] 
noticed diminished sensitivity of hearing at frequencies higher than that of the stimula- 
tion by intense sounds. The action of noise of high intensity with a uniform spectral 
frequency distribution [5] causes reduced sensitivity of hearing developing as an 
exponential curve during 1-5-2 hr stimulation; a further increase in the duration of 
the stimulus up to 3 hr does not change the magnitude of the threshold displacements. 
After the action of noise with uniform distribution of frequency components of an 
intensity of 100 dB for 3 min [6] no differences were found in tonal perception between 
persons accustomed to work in conditions of noise and in normal conditions. 

The present work was devoted to a study of the laws of perception of acoustic 
signals after the prolonged action of industrial noise of high intensity with uniform 
spectral frequency distribution. It was of interest to demonstrate the region of localiza- 
tion of the persistent steady disturbances in the sensitivity of hearing in the tonal scale, 
their magnitude and dependence on the length of service of the worker and, in particular, 
the variations in the auditory thresholds of persons working in conditions of noise. 

The noise of one of the Moscow factories was found to have a uniform spectral 
frequency distribution and total intensity level of 106 dB. The physical character of 
the noise is depicted in Fig. 1. As the figure shows, the energy of the noise within the 
region of analysis is distributed evenly over the sonic range. In this region the noise 
approximates to “white’’ noise. 


* Biofizika 4: No. 2, 166-169, 1959. 
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For the quantitative estimation of the noise factor we measured the idle time of 
the machines. It was found that the idle time per working hour was small and amounted 
in all to 3-5 per cent of working time. This means that for 96-5 per cent of the time 
the machines are the source of noise affecting the audibility of the workers. It may 
be considered that the value of the noise factor is uniform within each working hour 
with more or less equal distribution of the idle time. 


Fic. |. Noise spectrum of a tube cutting machine. Abscissa: frequency. Ordinate: 
spectral level of noise, i.e., its level per band of | c/s width. 


Measurement of the sensitivity of hearing was made in 10 workers in different 
age groups and with varying experience of work involving noise. A measuring instru- 
ment was used consisting of a 3 G-l generator and voltmeter, a 160 dB attenuator 
and electro-dynamic telephones. The auditory thresholds were measured in a sound- 
proof chamber in order to demonstrate the steady disturbances and in a quiet room 
during production to demonstrate the peculiarities of the functional change during 
the work of the subjects. For the measurement of the persistent changes in audibility 


tonal signals of ten different frequencies ranging from 100 to 7000 c/s were employed. 
Thirty tests were made and three audiograms composed for each subject for which 
purpose the auditory thresholds were measured after the subjects had rested for many 


hours. 

In conditions of industrial noise the shift in the auditory thresholds was determined 
immediately after each working hour at a tonal frequency of 200, 800, 2000 and 4500 c/s. 
The results were compared with the thresholds measured before work. Each worker 
was examined for 5-10 days. The results are reflected in the audiograms. 

Fig. 2 gives the averaged values of the auditory thresholds expressing the persistent 
disturbances in the function of the auditory analyser in the workers tested against 
the background of the norm established in production [7] as determined on the basis 
of an examination of the sensitivity of hearing of 2000 young persons not subject 
to industrial noise. 

As the figure shows, deviations from normal auditory sensitivity are to be seen 
in the test subjects, and are particularly marked in the frequency region 3000-4500 c/s 
when the magnitude of the variation in auditory threshold is 17-29 dB higher than 
normal. The magnitude of the auditory thresholds for low and medium frequencies 
differs little from the normal. 

How disturbances of the activity of the auditory organ are dependent on the worker’s 
length of experience of work in conditions of noise is clearly depicted in Fig. 3. 
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The age and length of work experience of the subjects were: S., 40 years old with 
25 years experience; T., 26 years old, 3 years experience; K., 40 years old, 4 years 
experience. 

On comparing the age and length of service of workers S. and K. we see quite 
plainly the indisputable effect of the experience of noise at work. These workers were 
of the same age but with different lengths of service (25 and 4 years.). 


bol 


Fic. 2. Sensitivity of hearing of workers operating tube cutting machines. Abscissa: 
frequency. Ordinate: level of auditory threshold (zero corresponds to 2 * 10~‘); 
dotted line — audiogram of workers tested; continuous line — normal. 

Fic. 3. Variation of sensitivity of hearing with length of service in conditions of noise. 
Abscissa: frequency. Ordinate: level of auditory thresholds. Continuous line — 
normal. 


It is clear that with increased experience the auditory threshold rises, especially 
at a frequency of 4500 c/s when the audibility of the worker with 3 years experience 
fell by 25 dB and that of the worker with 25 years experience by 49 dB. 

Our findings point to a clear-cut, persistent change in the auditory thresholds 
localized in the frequency region of 4500 c/s and rising with increased experience of 
work in conditions of noise. 

In order to explain the characteristics of the variation in the auditory thresholds dur- 
ing the course of a working day, tests were made of which the results are given in Fig. 4. 


It was found that when the duration of noise was within the limits of 1-6 hr the 
value of the variation in the auditory threshold did not change on measuring the sensi- 
tivity of hearing to tones of 200, 800 and 2000 c/s. However, at a frequency of 4500 c/s 
a uniform variation was noted only within the limits of 1-3 hr work. With an increase 
in the duration of the noise to 4-6 hr the variation gradually widened reaching its 
maximum at the end of the final sixth hour. The value of the variation after each hour 
of noise was small, attaining 3-4 dB at a frequency of 200, 300 and 2000 c/s. The 
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The maximum shift at a frequency of 4500 c/s noted at the end of the working day 
was only 10 dB. This was due to the conditions of the experiment in the workshop 
which did not allow measurements of audibility to be made before a minute had elapsed 
from the time of withdrawal of the subjects from the background of noise at which 
stage auditory thresholds are at a lower level than in the first seconds after cessation 
of the noise. 


10 


Fic. 4. Course of change in auditory thresholds during work in conditions of noise. 
Abscissa: hour of work. Ordinate: change in auditory thresholds. 


DISCUSSION 


A persistent and considerable increase in the auditory thresholds in audiograms 
obtained after prolonged rest of the subjects, especially noticeable at a frequency of 
4500 c/s, indicates a localization of the disturbances in the function of the auditory 
organ within a definite zone of frequencies and also the selective action of the high 
intensities of “white” industrial noise. The reason lies apparently in the greater sensi- 
tivity of the region of perception of high frequencies to stimulation by the noise factor 
of this characteristic. 

Increased auditory deficiency in a definite region of frequencies with more prolonged 
experience of work in conditions of noise suggests the gradual development of these 
phenomena to the point of irreversibility. 

Analysis of the audiograms reveals normal hearing in the low and medium frequency 
region of perception of acoustic stimuli even in persons with lengthy service in noisy 
conditions. It may thus be assumed that the uniform level of the auditory thresholds 
after a period of noise lasting from | to 6 hr reflects auditory adaptation. 

However, at a frequency of 4500 c/s, i.e. in the high frequency range of sound 
perception, as from the fourth hour of work the auditory threshold rises progressively 
until the end of the working day. Analysis of the audiograms in this region of sound 
perception shows a considerable steady deviation of hearing from the normal sen- 
sitivity. 

There are thus grounds for affirming that the character of the curve of change 
in the auditory threshold at a frequency of 4500 c/s in persons engaged in production 
is the result of the exhausting action of the industrial noise of this physical characteristic. 
There is a connexion here with the steady fall in sensitivity of hearing so that it may 
be concluded that the disturbance in the normal activity of the auditory analyser at 
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a frequency of 4500 c/s is the result of the trace being fixed by the everyday stimuli 
produced by industrial noise of high intensity. 

Whereas increase in the auditory threshold reflects the defence reaction of the 
auditory analyser to the action of noise and is the result of the development of inhibition 
in the central nervous system [8], the rise in the thresholds of auditory sensitivity in 
our subjects seen in the second half of the working day is associated with intensification 
of this inhibition due to the exhausting action of industrial noise in the region of 
perception of frequencies of the order of 4500 c/s. 


CONCLUSIONS 
Analysis of our findings allows us to arrive at the following conclusions: 

(1) The influence of noise with an intensity of 106 dB with uniform spectral frequency 
distribution was expressed in a persistent fall in auditory sensitivity, the fall being 
the sharper the longer the period in which the individual has worked in conditions 


of noise. 
(2) A considerable reduction in audibility (by 25-49 dB) was chiefly found in the 


high frequency region of 4500 c/s. This indicates the selective local action of “white”’ 
noise of the intensity mentioned. 

(3) The tendency for the level of the auditory threshold to rise still further at 
a frequency of 4500 c/s in the last hours of work reflected the influence of the exhausting 
action of the stimulus on the auditory analyser since such a phenomenon was not 
present at frequencies of 200. 300 and 2000 c/s. 


Translated by A. Crozy 
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ATTEMPTS to measure the duration of the process persisting in the auditory system 
on cessation of a sound were begun in the last century [1, 2]. Interest in this problem 
lies in the fact that the after-effect is regarded as a process of decay of the vibrations 
in the cochlea and it was hoped on the basis of its duration to determine the quality 
factor (Q) of the hypothetical resonators of the cochlea [3]. 


In recent years, thanks to the investigations of Békésy [4] it has been found that 
the vibratory process in the cochlea dies away extremely rapidly (the logarithmic 
decrement amounts to 1-4-1-6 for all frequencies). Therefore, experimental measur- 
ement of the after-effect in man is of fundamental interest from the point of view 
of the time characteristics of the duration in the neural sections of the auditory 
system. 

Determination of the duration of after-effect is made essentially by two methods. 
One of them, an indirect method, consists in measurement of the critical frequency 
of interruptions of the acoustic signal at which the interrupted sound is still distinguish- 
able from the uninterrupted one. Unfortunately, in the majority of experiments of 
this type [5-8] interrupted tones have been used. Since in this case the spectrum of 
the interrupted (modulated) sound differs fundamentally from that of the uninterrupted 
signal, it is difficult to decide why the subject discriminates between the interrupted 
and uninterrupted sound; whether because of the difference in the spectra or because 
of the difference in the time picture. Therefore, only experiments with interruption 
of white noise, the spectrum of which shows no appreciable changes when interrupted, 
can be considered as genuine experiments to determine the critical frequency of inter- 
ruptions. In the experiments of this type [9, 10] it was found that the critical frequency 
of interruptions at which man can still distinguish the interrupted from the uninterrupted 
noise is very high, reaching 1000 c/s. As the calculations of Symmes, Chapman, and 
Halstead [10] showed, the possibility of discriminating interruptions with a frequency 
of 1000 c/s implies a duration of after-effect not exceeding 40-50 msec. This conflicts 
with the findings of a number of investigators [11-16] who sought to make direct 
measurements of the after-effects induced by a single acoustic signal. 


* Biofizika 4: No. 2, 170-180, 1959. 
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Békésy [11] attempted to measure the rate of decay of sensation using discrimination 
of tones of 800 c/s with exponential decay at a variable rate. As the rate of decay 
of sensation he took the maximal rate of decay of the tone at which further increase 
in the rate of decay (ten-fold reduction in the time of decay at 60 dB) could no longer 
be distinguished by the subject. Békésy found that if the time of decay of the signal 
from the orginal to the threshold magnitude be taken as the characteristic of decay 
of sensation, the length of the period was roughly uniform for different initial levels 
of the signal at 140 msec. This time was regarded by Békésy as the time of decay of 
sensation. Miller [13] carried out similar experiments with noise signals and found 
that in this case the time of decay of sensation was shortened to 85-90 msec. 

Steudel [12] used the value of masking as measurement of: residual sensation. 
He interrupted a masking tone signal at different time intervals and determined the 
dependence of masking of a tone of different frequency continuing during the inter- 
ruption on the length of the interval of interruption. Steudel found that as the interval 
of interruption is increased there is a linear decline in the masking at a rate of 1-8 dB 
per 10 msec. 

Liischer and Zwislocki [14, 15] and Rawnsley and Harris [16] investigated masking 
of short tone signals (duration 20 and 50 msec) preceded by tone signals of the same 
frequency (duration 400 msec). It was discovered that with increase in the interval 
between the signals there is a linear decline in masking at the rate of about 2-5 dB 
per 10 msec [15] or about 1-3 dB in 10 msec [16]. The total duration of masking 
is 250-400 msec when the masking signal is at a level of 60-80 dB. The authors [14-16] 
consider that the masking observed by them is not the result of an active process 
(sensation) continuing after exclusion of the sound but regard it as a manifestation 
of lowered excitability in the peripheral sections of the auditory system. 

That such an interpretation of the phenomenon is open to doubt is suggested by 
the findings of Samoilova [17] who found a close relationship between masking and 
the interval when the masked tone signal preceded the masking signal and where 
naturally there can be no question of diminished excitability. 

This survey shows that the findings on the rate of decay of the after-effect are 
rather inconsistent and obviously largely depend both on the measurement technique 
employed and on the physical properties of the signals. The nature of the process 
and its localization in the auditory system also remain unclear. 

It seemed to us necessary to continue investigations in this direction employing 
as a criterion of the after-effect the value of the masking connected with it (as did 
Steudel, Liischer and Zwislocki, etc.). However, unlike these workers we assumed 
that the use of tone signals for measurement of the time characteristics of audibility 
is undesirable since a tone signal as such requires a definite duration of sound in order 
that it be recognized. More appropriate signals are short sound pulses (clicks) which 
can be precisely localized in time. 

We were interested in investigating the masking of an impulse in relation to the 
time interval between it and the masking click. 
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METHODS 


The sound impulse was obtained by transmitting a short electric pulse of exponential 
form with a time constant of 0-05 msec to a telephone. In order to produce the pulses 
and regulate the time interval between them, use was made of an arrangement comprising 
two pulse generators (TG-1-0-1/0-3 thyratrons) with uniform parameters. The first 
generator was switched in by a starting button and the pulse produced was fed to the 
output and simultaneously to the input of a phanatron (6 A7 tube). The circuit of 
the phanatron determined the retardation time of operation of the second pulse gene- 
rator. 

This time (i.e. the interval of time between pulses) could be varied within limits 
of 0-5-1300 msec by suitable capacitances and resistances. The pulses from the output 
of both generators were delivered to the attenuators coupled through matched resistances 
to an electro-dynamic TD-6 telephone. The variability of the frequency characteristic 
of the telephone did not exceed +5 dB in a band of 100-5000 c/s. 


Fic. 1. Acoustic form of pulses. Interval between pulses 1°0 msec. 


The maximum height of the pulse fed to the telephone in our experiments was 
2-9 V, peak voltage. To determine the acoustic form of the pulses produced by the 
telephone a IU-11 artificial ear was used. Photographs, as depicted in Fig. 1, were 
taken of the oscillograph recording (with delayed scanning) of the output of the amplifier 
used with the artificial ear (UPU-2). From the photographs it follows that the acoustic 
pulse contained one prominent peak and subsequent decaying vibrations at a frequency 
of 4000-5000 c/s. The photographs taken with high amplification showed that after 
3 msec the height of the decaying vibrations was about 35 dB less than that of the peak 
vibration. 
EXPERIMENTAL ARRANGEMENT AND RESULTS 
In selecting the method for determining the threshold of the masked pulse we took 
into account the fact that with short intervals between pulses the subject does not 


perceive them individually and can detect a second pulse only when there is a change 
in the character of the sensation produced by one pulse (increased loudness, lengthening, 
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crackling). Hence, it was necessary for the subject to compare a single standard pulse 
with a double variable one and to determine their identity or divergence. Preliminary 
tests showed that some subjects in certain conditions describe as different physically 
identical pulses. Consequently, threshold determinations based merely on replies 
to the effect that the pulses differed were unreliable. After trying out various methods 
for determination of the threshold we had to resort to a variant of the very cumbersome 
method proposed by Munson and Karlin [18]. Each measurement of the threshold 
for each interval comprised a number of series. One series consisted of twenty presen- 
tations of paired standard and variable signals. In ten pairs the variable signal consisted 
of one pulse, i.e. was identical with the standard; in the other ten a variable signal 
consisting of two different pulses was employed. During the series the amplitude of 
the masked pulse was kept constant. The subjects reported in relation to each pair 
whether or not the signals were uniform. The identical and variable pairs were alternated 
at random. The interval between standard and variable signal was about 2 sec and 
that between pairs about 5-6 sec. There was a 2-3 min break after each series, the 
intensity of the masked pulse was then reduced; the subject was warned of this and 
the next series begun. The degree to which the intensity of the masked pulse was reduced 
varied from 0-5 to 1 N, depending on the number of correct replies in the preceding 
series — the smaller the number the smaller the reduction. The measurements were 
discontinued if after two to three consecutive series the number of correct replies 
was not greater than twelve. 

The advantages of this method of threshold determination were, firstly, that it 
ensured reliability of the results since it took into account the correctness of the replies 
and, secondly, that it ensured adaptation of the subject during the measurements. 

We plotted the distribution of the number of correct answers against the intensity 
of the masked signal and took as the threshold of the signal the value corresponding 
to 75 per cent correct replies. In addition, from the graph we found the zone of signal 
intensity corresponding to 60 and 90 per cent correct replies, half of this zone (AM/2) 
being taken as a measure of the accuracy of the threshold. 

The first experimental series to measure masking was carried out on 5 subjects 
with a uniform masking level at 63 dB above the average theshold (the threshold was 
determined each day during the experiment by the limit method). The masking was 
measured with 20 intervals ranging from 0-1 to 200 msec between pulses. The results 
are given in Tables | and 2. 

The values of masking given in the tables represent the difference in the threshold 
levels of the click delivered against a silent background and in the presence of the masking 
signal. Such an approach proved more satisfactory than that based on the difference 
in the levels of the masking and masked signals since in the latter case the scatter of 
results for the various subjects was much greater except for the shortest intervals. 
The averaged results for 5 subjects are given in Fig. 2. The curve of masking obtained 
by us differs greatly from those obtained with use of tone signals. Firstly, it is assyme- 
trical and masking of the preceding pulse is virtually absent; secondly, the residual 
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masking is very short-lived — the threshold signal could be detected within only 28 msec 
of the masking signal; and, thirdly, the dependence of the magnitude of masking 
on the intervalis exponential rather than rectilinear. Hence, it is obvious that the 
masking detected by us was a phenomenon of a completely different order from that 
observed with use of tone signals. Without at the moment going into the possible 
reasons for this disparity, we shall first present the results of supplementary experiments 
undertaken to ascertain masking with very short and very long intervals. As can be 
seen from the table when the interval was less than 3-2 msec or longer than 100 msec a 
considerable increase was observed in the mean square deviation (c) and therefore 
the average values presented in the graph (Fig. 2) cannot be considered conclusive. 
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Fic. 2. Variation of masking with interval between pulses. Abscissa: length of 
interval in msec. Ordinate: masking in dB. 


The results are given in Fig. 3 of determination of masking at intervals of 0-5, 
1-0, 1-5, 2:0 and 3-2 msec for a further 5 subjects. It follows from the graphs 
that the characteristic feature of the curve of masking is the inflexion which was most 
clearly expressed when the masked signal was delivered first. As the signals were 
brought closer together masking at first rose sharply and then remained at roughly 
the same level. The inflexion of the curve coincides with the change in the criterion 
for detection of the masked signal —the subject ceased to distinguish a difference 
in the character of the single and double clicks and started to compare them in terms 
of loudness. The point of inflexion varied for the different subjects. Distinct inflexion 
of the curve occurred in subject M-k at an interval of 2-0 msec, in subjects Ch-ch and 
M-va at 1-5 msec, and subject I-va was not able to detect any change. An important 
point is that I-va compared the clicks according to loudness only at an interval of 
0-5 msec; for all the other intervals she was able to detect a difference in the character 
of the double and single clicks. 

It may be concluded from Fig. 3 that even with short intervals, masking of the 
preceding pulse was usually less than the masking of the following one. However, 
because of the considerable scatter of the points this difference cannot yet be considered 
statistically significant. 

The next aim of the supplementary tests was to investigate masking with long 
intervals (100 msec and longer). It follows from Fig. 2 that as the interval between 
signals lengthened a certain irregular rise in the thresholds was observed both when 
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the masked signal preceded or followed the masking signal. This further augmentation 
of threshold coincided in time with the change in the criterion for detection of the masked 
signal. Up to 50-100 msec the subject perceived the masked signal by crackling of 
the masking click. With long intervals he heard the masked pulse as an individual, 
independent click. 


-30-20 -10 10 20 30-30-20 -10 10 20 30 
m sec 


Fic. 3. Variation of masking with interval between pulses. Abscissa: length of intervals 
in msec. Ordinate: difference in levels of masking and masked pulses. 


Experiments were carried out on 4 subjects to determine the duration of the augmen- 
tation of threshold at intervals of 108, 200, 335, 510 and 1000 msec, the level of the 
signal detected with an interval of 1000 msec being taken as the threshold. The results 
obtained are presented in Fig. 4. 


~-5S00-300 -200 -0 100 200 300 500 1000 
sec 


Fic. 4. Variation of masking with interval between pulses. (Explanation in text). 


Despite the considerable irregularity in the changes in threshold it may be concluded 
that masking terminates around 300-500 msec which is in agreement with the obser- 
vations of those workers who investigated masking with tone signals [15-17]. It may 
also be seen that masking of the preceding pulse is no less, and perhaps even greater, 
than that of the following pulse which agrees with the findings of Samoilova [17]. 
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In summarizing the results of the three series, it is possible to distinguish three 
interval ranges having three characteristic curves. The first range was on average 
limited to +-1-5 msec; within this range the level of masking was virtually independent 
of the pulse interval, and the sequence of pulses was not of great significance. The 
subject detected the masked signal from the increased loudness of the click. 

The second range was from 1-5 to 50-100 msec and here the pulse sequence is 
of decisive importance. Masking of the preceding pulse is virtually absent (it had 
already ceased for an interval of 5 msec) and the dependence of the residual masking 
on the length of the interval was exponential, the duration of masking not exceeding 
30 msec. The subject detected the masked signal on the basis of change in the character 
of the click (appearance of crackling). 

The third range covered 50-100 to 300-500 msec, for which a slight additional 
variable rise in threshold was observed for the different subjects. The sequence of 
the pulses was of no importance or the preceding pulse was masked to a somewhat 
higher degree than the following one. The subject detected the masked signal as an 
independent, individual click. 

Thus, the change in the course of the curve of masking was coincident with the 
change in the criterion by which the subject detected the masked signal. It may therefore 
be assumed that the discrepancies between our findings and those with use of tone 
signals are in some measure the result of the different criteria applied by the subjects 
in the two cases. 

According to Liischer and Zwislocki [14, 15] in tone masking experiments, the 
subject heard the masked signal as a separate sound. In our experiments when the 
masked pulse could be detected only as a separate signal an additional rise in masking 
was observed terminating at about the same time as does tone masking [16, 17]. We 
may assume that if, in detection of a masked pulse, only the perception of it as such 
be considered and not a change in the character of the masking click, then the curve 
of masking of clicks might approximate to the curves of tone masking. 

In order to check this hypothesis a further series of tests was carried out on 4 subjects. 
Each subject was presented at random with paired clicks with different intervals 
between them and with different intensity of the masked click. The intensity of the 
masking click was kept constant at 63 dB over the mean threshold. We employed 
7 intervals ranging from 3-2 to 108 msec, 8 different levels of the masked pulse and 
2 different sequences of masked and masking clicks. Each of the 112 possible combina- 
tions was presented 10 times during the test. The subject had to reply with one of 
three alternatives — “one click’’, “one crackle’’ or “two clicks’. From the results 
obtained for the four subjects we plotted the percentage number of “two clicks” as 
a function of the level of the masked pulse. The threshold was taken as the intensity 
corresponding to 50 per cent of the replies. 

The curve of masking thus obtained is reproduced in Fig. 5 (curve a) from which 
it will be seen that the form of the curve is fundamentally changed as compared with 
the curve of masking in the first experimental series (Fig. 5, curve c) in that the curve 
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is asymmetrical and masking of the preceding pulse is equal to masking of the following 
one. This is in line with the findings of Gol’dburt [19] who used the same criterion 
for detection of the masked signal in investigations of the time of masking of two electri- 
cal pulsed stimulations of the auditory apparatus. Another difference in the curves 
is to be seen in a much slower fall in masking with increase in the time between pulses. 
We have based comparison of our findings with those obtained in tone masking on 
the results of Samoilova [17] depicted in curve ), Fig. 5, which shows how masking 
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Fic. §S. Variation of masking with interval between pulses. (Explanation in text). 
Ordinate: see Fig. 2. 


of tones varies with the time interval between them. The masking signal was 1000 c/s 
tone, 80 dB over the threshold and of 300 msec duration. The masked tone of 1400 c/s 
and 20 msec duration preceded the masking signal. If we take into account the basic 
differences in the design of the experiments there is undoubtedly a similarity in curves a 
and 

It may thus be affirmed that the differences between the masking seen in our first 
series of experiments and tone masking were due largely to the different criteria applied 
by the subjects in detecting the masked signal. 


DISCUSSION 


The use of short pulses (clicks) to investigate masking in time led to results fun- 
damentally at variance with those of Liischer and Zwislocki [14, 15], Rawnsley and 
Harris [16] and Samoilova [17]. It was found that with intervals longer than 4-5 msec 
masking of the preceding pulse was virtually absent. The lowering of sensitivity after 
the masking pulse was also very short-lived, not exceeding on average 30 msec. The 
recovery of sensitivity after short pulses was so rapid that the possibility of discriminat- 
ing high frequency noise interruptions becomes understandable [9, 10]. It is impossible 
to explain this fact if one starts from the duration of “time of sensation” [11] and the 
residual masking obtained with use of relatively long tone signals [12, 14-16]. In the ' 
curve of masking three segments can be discerned, characterized by a different type 
of curve which is dependent on the criteria employed for detection of the signal. If the 
interval between pulses was less than -+-1-5 msec the subject detected the masked 
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signal by the increased total loudness of the click. For this interval the level of masking 
was considerable (masked pulse only 4-7 dB weaker than the masking pulse) and 
varied little with change in the pulse sequence and with change in the time lapse between 
pulses (Fig. 3). Volokhov and Gershuni [20] investigated perception of two short 
electrical pulse stimulations of the auditory apparatus and found that with an interval 
between pulses of less than 1-5-2-0 msec a man is unable to distinguish between two 
pulses and one pulse. From this they concluded that the interval of 1-5 msec corresponds 
to the absolute refractory period of the auditory nerve. According to electro-physiolog- 
ical findings the absolute refractory period of this nerve is 1-0 msec [21] or somewhat 
higher [22]. 

The lack of agreement between our findings and those of Volokhov and Gershuni 
(possibility of detection of the masked pulse of intensity somewhat below that of the 
masking pulse) may be attributed to the fact that we were working with acoustic and 
not electrical pulses. In this case the possibility cannot be excluded of parts of the 
cochlea responding with low frequency vibrations to mechanically applied pulses. 
The resultant amplitude of the low frequency vibrations might thus have been increased, 
and this in turn would lead to supplementary excitation of the neural elements which 
have a higher threshold and do not respond to the vibrations produced by the pulse 
alone. 

Without directly indicating the presence of an absolute refractory state, our findings 
show however that with an interval of 1-5 msec fundamental perceptual changes did 
occur. As from 1-5 msec, it was possible to determine the fact that the pulses are not 
simultaneous (subject hears crackling of the click) and the masking fell sharply. At 5 msec 
masking of the precediiig pulse fell to 4-5 dB over the threshold and masking of the 
succeeding pulse showed an exponential decline to the threshold within 20-30 msec. 

It is interesting to compare the picture of masking obtained by us with the curves 
of recovery of electrical reactions in response to a click obtained by leading off the 
potentials from the round window and the auditory cortex. Rosenzweig and Rosenblith 
[22, 23] investigated the change in amplitude of the reactions to the second of a pair 
of clicks in relation to the time interval between them. They found that in the auditory 
nerve recovery is sufficiently rapid to reach 80 per cent of the original value within 
15-20 msec of the action of the masking click. A different picture is seen in the cortex 
where recovery is protracted to 200-300 msec and the curve of recovery is complicated 
by cyclic vibrations. It may be concluded that the rate of recovery of sensitivity in 
the curve obtained by us more closely corresponded to the recovery of excitability 
in the auditory nerve than in the cortex. This is also supported by the fact that the 
discontinuity in the masking curve occurred with an interval as short as 1-5 msec. 
As is known, the period of non-excitability of the auditory cortex is considerably longer, 
being 8 msec or more [24, 25]. 

The processes in the cochlea cannot explain masking at intervals of 100-200 msec. 
This additional rise in threshold terminated at about the same time as with tone masking 
and it may therefore be thought that the phenomenon is of the same nature in both 
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cases. Weight is lent to this assumption by the fact that even for short intervals a 
criterion was used in our tests to detect the signal which was only possible with large 
intervals (perception of the masked click as such). As a-result the curve of masking 
of the clicks was very close to that for masking with a tone. 

In affirming that the difference in criteria for detection of the signal in our 
experiments and in tests to determine tone masking largely accounts for the difference 
in the results obtained, we by no means exclude the significance of the physical differences 
in the stimulations used in these two types of experiments. It is obvious that investiga- 
tions of masking in time must be continued and attention paid to the duration of the 
masking signal and to the criteria applied by the subjects. 


SUMMARY 
(1) An investigation was carried out to determine the dependence of masking 
of pulses (clicks) on the interval between them. 

(2) A fundamental difference was found between masking of pulses and masking 
of tone signals. 

(3) Three ranges of the intervals between masked and masking pulses were distin- 
guished: (1) in the +1-5 msec range the masking was very high and depended little 
on the interval between pulses and pulse sequence; (2) in the range from 1-5 to 
50-100 msec masking of the preceding pulse was virtually absent and the residual 
masking fell off exponentially, terminating after 30 msec; and (3) in the range from 
50-100 to 300-500 msec a slight increase was observed in the masking of both the 
succeeding and preceding pulse. 

(4) Special tests showed that the differences encountered in the masking of pulses 
and tone signals are associated with differences in the criteria used to detect the masked 
signal. 

Translated hy A. Crozy 
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HYPOTHESIS CONCERNING THE MECHANISM 
OF PHOTORECEPTION IN THE RETINA (AN ANALOGY 
BETWEEN RETINAL PHOTORECEPTORS AND 
SEMICONDUCTING PHOTOELEMENTS)* 


M.S. SMIRNOV and M. M. BONGARD 
Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 7 October 1958) 


AT the present time almost all research workers consider that the decomposition of 
some substance in response to light stimulus, (i.e. a photochemical process) is the initial 
event in the retina. The close agreement between the spectral absorption curve of 
rhodopsin (or porphyropsin in some animals) and the sensitivity curve of the dark— 
adapted eye is the main argument in favour of this view. Since both rhodopsin and 
porphyropsin decompose when exposed to light, it is natural to infer that the de- 
composition products are responsible for the excitation of the nervous structures. 
However, a considerable number of facts have now accumulated which, if they do 
not directly contradict this theory, are at least difficult to reconcile with it. For instance 
Rushton and Campbell [1, 2] have observed that a ten thousandfold change in sensi- 
tivity during light adaptation corresponds to a change in rhodopsin concentration 
of less than 10 per cent. 

Serious difficulties arise when an attempt is made to construct a photochemical 
theory of colour vision. It will be recalled that up to the present it has not been possible 
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to demonstrate light sensitive pigments with spectral absorption curves which agree 
satisfactorily with the sensitivity curves of the daylight receptors of the human eye. 
It is difficult to reconcile the fact that there are three receptors with different spectral 
sensitivity curves in each cone of the human eye [3], with the hypothesis that the decom- 
position products of certain pigments are responsible for the excitation of nervous 
structures. 

All this compels us to reconsider whether there is not another hypothesis of the 
mechanism of retinal photoreception, which explains more satisfactorily the wealth 
of new facts known to-day. This in particular refers to the problem of colour vision, 
which is the most difficult to account for from a photochemical point of view. The 
hypothesis suggested in the present work is based on certain analogies between the 
properties of semiconducting photoelements (barrier layer photoelements and photo- 
resistances) and retinal photoreceptors. 


THE COLOUR VISION OF ANIMALS 


Before cxamining “colour vision’’* in photoelements, let us consider the question 
of what colour vision is and by what type of experiments colour vision can be de- 
monstrated in a given animal. 

In the case of a colour-blind animal all radiations are distinguished merely by their 
brightness. Two colours of any relative spectral contents can be made indistinguishable 
by adjusting them to equivalent intensities. Contrary to this, in the case of animals 
possessing colour vision, pairs of colours exist which cannot be rendered indistinguishable 


in any intensity relationship. In the case of a human being with normal colour vision, 
for example, red will always be distinguished from green. These colours (provided 
they are not too dark) cannot be rendered indistinguishable to the human eye by any 
manipulation of their intensities. 

Hence it is at least clear in principle how to arrange an experiment to demonstrate 
colour vision in an animal. It is necessary to test whether any two colours can be made 
indistinguishable to the eye of the animal by manipulation of their intensities. If this 
is possible for any pair of colours then the animal is colour-blind. If there are pairs 
of colour for which this equilibration is impossible, it means that the animal is endowed 
with colour vision. This definition of “colour vision”’ is not new. Essentially all workers 
with a correct methodological approach to the study of the colour vision of animals 
have employed it (for example Forbs and Burleigh [4)). 

How can it be established that two colours are in fact distinguishable to the eye 
of an animal? One such method is to observe the action potentials in the optic nerve 
(5, 6].* If light incident on the eye of an animal is replaced at a certain moment by 


* We speak of the “vision’’ of photoelements in the same sense as it is permissible to speak of the 
“memory” of computors, etc. 
* This method is by no means the only one available. It is possible for example to use conditioned 


reflex [7-9] and visual reflex methods [10], etc. 
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light of a different colour, then a signal of this change passes along the optic nerve 
to the brain. The electrical component of this signal is easily recorded and indicates 
to the experimenter that the animal’s eye can differentiate these two colours. The 
absence of a signal in the nerve after replacement of one colour by another is a sign 
that these two colours are indistinguishable to the animal’s eye. 


Without dwelling on details we can point out that a few more complex experiments 
can determine, in the case of animals possessing colour vision, whether their colour 
vision is dichromatic or trichromatic, etc. For this it is necessary to determine the 
number of colours which are required to compound a mixture which is indistin- 
guishable from an arbitrary colour. If two colours are required, colour vision is dichro- 
matic, if three, it is trichromatic, etc. 


THE COLOUR VISION OF A PHOTOELEMENT 


Thus for the eye of an animal the question of the presence or absence of colour 
vision is equivalent to the question of the interchangeability of colours of arbitrary 
relative spectral content. This makes it possible to extend the concept of “colour 
vision”’ to photoelements. In analogy with an eye it can be considered that a particular 
photoelement is “colour-blind’’ if two colours of arbitrary spectral content can be 
made interchangeable by manipulation of their intensities. If colours exist which 
cannot be made interchangeable at any relationship of intensity, then it can be stated 
that the photoelement has “colour vision’. As in the case of an eye, it is natural to 
take the absence of a signal of the replacement of one colour by another as a criterion 
of the interchangeability of colours for a photoelement. 

So far our discussion has been abstract and we have made a purely formal extension 
of the “colour vision” concept to photoelements. However, do any real photoelements 
have “colour vision’? It is quite obvious that if only the magnitude of the electrical 
response of a photoelement to light is considered, then any photoelement will be colour- 
blind. However this will not always be the case if not only the stationary regime, 
but also the transitional processes, which occur immediately after replacement of one 
colour by another, are taken into account. If red and green colours are picked which 
induce identical stationary currents in a selenium photoelement, it will be found that 
the current does not remain stable when the incident light is changed from red to 
green (and vice versa) (Fig. la). When red is changed to green the photoelectric 
current increases for a certain period of time, and when green is changed to red a 
decrease is observed. At other intensity ratios the alteration of the induced photo- 
electric current itself will serve as the signal (Fig. 1b). Thus at any brightness ratio 
of red and green light a selenium photoelement signals the replacement of one of them 
by the other. This property of the selenium photoelement enables us to speak of its 
“colour vision’’. Some photoresistances behave in an analogous manner. Oscillograms 
are given in Fig. 2 of the transitional processes in a photoresistance of type FS-K1 
when one colour is replaced by another. 
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THE MECHANISM OF COLOUR “VISION” IN SEMICONDUCTOR PHOTOELEMENTS 


Oscillograms of transitional processes occurring in a photoresistance of type FS-K1, 
when light is switched on or off, are shown in Fig. 3. Fig. 3 (a) refers to green light 
and Fig. 3 (6) to blue light. The brightness of the colours are the same as in Fig. 2, 
i.e. they have been chosen so that the stationary current is the same in green and blue 
light. It can be seen that the stationary regime is more rapidly established in the case 
of blue light, than in the case of green light. Thus, following replacement of green 
by blue, a moment is observed when the “blue”’ photoelectric current has been induced 
and the “green” has not yet disappeared. The increase in total current, which we 
observe in Fig. 2, is obtained as a result. When blue light is changed to green the reverse 
picture is obtained, i.e. there is a temporary drop in current. 

What is the reason for the different period of time required for induction of 
a photoelectric current in response to green and blue light? It seems that sensitivity 
to the green part of the spectrum (in the case of the photoresistance used) is conditioned 
by sensitizing impurities. The additional time of migration of energy from excited 
atoms in the impurity can result in a delay in the appearance and disappearance of the 
photoelectric current. If this hypothesis is valid, then the difference in the rate of 
reaction to green and blue light must decrease relatively as the intensity of the light 

If there is only one sensitizing impurity present, and if it is sufficiently uniform, 
the photoelement will be dichromatic, if there are two such admixtures it will be tri- 
chromatic, etc.* Trichromatic “vision’’ in photoresistance FS-K1 was demonstrated 
by colour replacement tests, directly analogous to those used by us in the case of an 
animal eye [5, 6]. 

It should be noted that photoelements and photoresistances of the same type, 
but of different consignments, can contain different quantities of impurities (or even 
different impurities) and can consequently have different properties. For example, 
the selenium photoelements of Soviet origin available to us did not possess colour 
“vision’’ (did not contain impurities), while photoelements also of selenium, but 
manufactured by the firm of Lange, did exhibit colour “vision”’ (Fig. 1). 

Cadmium photoresistances of type FS-K1 are trichromatic, while photoresistances 
of type FS-K2 (also cadmium) are “colour blind’’. It is a curious fact that type FS-K2 
“accepts” equalities established for type FS-K1 (but not vice versa), i.e. behaves 
exactly as the eye of a monochromatic person in comparison with a normal trichromate. 


DISCUSSION 


The colour vision of man and animals is in many ways reminiscent of the “vision” 
of semiconductor photoelements. Can this not be the result of a similar mechanism 
of colour vision in both cases? Such a hypothesis explains many phenomena which 


* This is valid if it is assumed that the semiconductor itself absorbs light in the part of the spectrum 
being studied. In this case, one impurity adds one colour dimension, two impurities two dimensions, 
ete. 
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Fic. 1. The photoelectric current in a Lange photoelement when red light (A= 680m.) 

is replaced by blue (A= 540 my). (a) light intensity selected so that the induced 

photoelectric currents were identical; (b) an arbitrary intensity ratio. The bottom 
line on both oscillograms corresponds to zero current. 

Fic. 2. The photoelectric current in a FS-KI photoresistance when blue light 
(A=480 my) is changed to green (A=530 my). The bottom line represents the zero 
current value. 

Fic. 3. The transitional processes in an FS-K1 photoresistance when light is switched 
on and off. (a) green light (A=530 my); (6) blue light (A=480 my). The intensity 
is the same as Fig. 2. 
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are difficult to reconcile with a photochemical theory. If it is assumed that the retinal 
receptors are the equivalent of photoelements then no additional assumptions are 
required to explain the presence of several types of receptors in a single cone. 

The lack of agreement between scotopic vision sensitivity and the rhodopsin con- 
centration in the rods has been mentioned before. In the hypothesis under examination 
rhodopsin, it would seem, is the sensitizing agent. The coincidence of the spectral 
sensitivity of scotopic vision and the absorption curve of rhodopsin is evidence in 
favour of this. The sensitivity of a photoelement can be greatly dependent on small 
amounts of various impurities. Very small amounts of some substances in particular 
markedly reduce sensitivity. The decomposition products of rhodopsin could affect 
sensitivity in this manner. The light sensitivity of the rods will fall, despite the fact 
that the major part of the rhodopsin is not decomposed, since reduction in sensitivity 
is not the result of a fall in rhodopsin concentration, but rather the result of the appear- 
ance of impurities (decomposition products). 

We shall not yet (for want of data) make any hypotheses as to the actual mechanism 
of excitation of the nervous elements of the retina by the photoelectrical currents. 
It is not difficult, however, to imagine the existence of such a mechanism, if the adequacy 
of electric current as a stimulus for nervous elements is recollected. Available results [11] 
are in favour of a theory involving an alteration in electrical potentials in the receptors 
in response to light. 

The above discussion of an analogy between the colour vision of animals and 
photoelements may seem superficial for the following reason: a photoelement can 
signal a colour only at the instant of replacement of one colour by another. After 
the current has been induced the photoelement gives no information as to the spectral 
content of the light incident on it. A human being sees the colour of an object for 
as long as is desired. However, as the experiments of a number of authors [12, 13] have 
shown, an image which is motionless relative to the retina ceases to be visible to the 
person after a short period of time. Alteration of the illumination of the retina is 
required to prevent its disappearance, and this is normally brought about by continual 
movement of the eye. In agreement with this, electrophysiological experiments on 
animals show that signals in the optic nerve pass predominantly after colour changes. 
In this respect the “colour vision’’ of photoelements is more akin to the vision of 
animals, than different from it. 

Thus a photoelement containing a sensitizing impurity can provide information 
not only of light intensity, but also to some extent of spectral content. This, however, 
does not mean that it is possible in this way to increase the total amount of information 
obtainable from a photoelement. A photoelement containing a sensitizing impurity, 
although it provides more information concerning the spectral content of the light, 
on the other hand provides less information concerning the distribution of colours 
in time. We gain one type of information at the expense of the loss of another. It is 
very probable also that man pays for his colour vision by the loss of some information 
concerning rapidly occurring events. 
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SUMMARY 


(1) An animal possesses colour vision if pairs of colours exist which are not inter- 
changeable to the animal’s eye in any intensity ratios. If this definition of “colour 
vision’”’ is applied to photoelements, it is evident that some semiconductor photo- 
elements and photoresistances possess “colour vision’. Photoresistance type FS-K1, 
for example, behaves as a trichromate. 

(2) The polychromatism of photoelements is apparently caused by sensitizing 
impurities. The signal, which occurs on colour change, results from retardation of 
changes in the photoelectrical current owing to absorption of light in the sensitizing 
agent. 

(3) The hypothesis is developed that the analogy between semiconductor photo- 
elements and animal photoreceptors is not fortuitous, but is related to a similarity 
in mechanism. This hypothesis satisfactorily explains a number of phenomena, for 
example the existence of several receptors with different spectral sensitivity curves 
in a single cone and the lack of agreement between rhodopsin concentration and 
scotopic vision sensitivity, etc. 


Translated by C. R. PRINGLE 
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MOVEMENT OF ROD NUCLEI IN THE FROG RETINA 
AND SITE OF ORIGIN OF THE ELECTRORETINOGRAM* 


A. L. Byzov and I. A. UTINA 
Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 20 September 1958) 


A GREAT deal of research has been devoted to the problem of which structures are 
responsible for production of the electroretinogram (e.r.g.). Of the entire range of 
cellular elements of the retina it is natural that in this connexion attention has been 
centered on those elements which are radially orientated and consequently present 
in the most favourable conditions for the creation of a difference in potential between 
the anterior and posterior surfaces of the retina. The photoreceptors and bipolars 
are such a type of structure. The ganglion cells are orientated less uniformly and it 
is therefore unlikely that they participate in production of the e.r.g. Further confirma- 
tion is given by the absence of changes in the e.r.g. on antidromic stimulation of the 
optic nerve [1] and also by a number of other findings. 

Much research is still necessary to localize more precisely the source of the e.r.g. 
According to Granit [2, 3], in the production of an e.r.g. an essential role is played 
both by the photoreceptors themselves and by the nerve structures — the bipolars 
and possibly the outer synaptic layer. Similar conclusions were reached by Noell [4] 
on the basis of his experiments on damage induced by pharmacological substances 
to different layers of the retina. We do not wish here to dwell on the work done in 
locating the site of origin of the e.r.g. involving various indirect methods (action of 
pharmacological agents [5-7], pinching of the central artery of the retina [8], deve- 
lopment of the e.r.g. in ontogenesis [9, 10], etc..) but wish merely to discuss the direct 
attempts to solve this problem by insertion of micro-electrodes into the retina to 
varying depths. 

Tomita ef al. [11, 12] in experiments on frogs observed that the e.r.g. obtained 
with illumination of the entire retina undergoes inversion at a depth corresponding 
to the bipolar cells. Such a finding, in the view of the authors, suggests that the source 
of the e.r.g. is precisely in the bipolar layer from which, with local illumination, a 
negative focal potential in relation to the second electrode was always recorded no 
matter where it was placed. This potential persisted for a more or less lengthy period 
of time only at low temperature (10°C). 

In the experiments of Ottoson and Svaetichin [13, 14] an e.r.g. of normal dimensions 
and configurations was recorded to a depth of 150-170 w from the vitreous body 
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(with the second electrode on the sclera) and on advancing the micro-electrode it 
disappeared almost instantaneously without undergoing inversion. The converse 
was observed on placing the second electrode within the vitreous body. By comparing 
these findings with the measurements of the thickness of the layers in the frog retina 
in histological preparations, the authors concluded that the e.r.g. arises wholly in the 
receptors. Ottoson and Svaetichin observed nothing like a negative focal potential 
from within the retina. 

A fundamental defect in these investigations is the lack of precision in defining 
the position of the tip of the micro-electrode within the retina. Even when the displa- 
cement of tissues by the electrode is taken into account, it is difficult to judge from 
the depth of insertion in which layer the tip lies since the thickness of the layers varies 
tremendously not only in different preparations but also in different parts of the same 
preparation. 

An important advance from this standpoint was the technique of Brindley [15] 
who passed square pulses of current through the retina in a tangential direction and 
recorded the drop in voltage for the various depths of insertion of the micro-electrode. 
It was found that the greatest drop in voltage and also the distortion of the square 
form of the pulse occurred at the external limiting membrane as a result of its high 
resistance and capacity. On the basis of this information Brindley was able in each 
test to state accurately the moment of passage of the tip of the micro-electrode through 
the external limiting membrane and consequently to have two guiding points — the 
moment of contact with the retina and the moment of passage through the external 
limiting membrane. 

The results of Brindley’s tests [16] largely confirmed the findings of Tomita ef ai. 
Like them, Brindley recorded a negative potential from within the retina on micro- 
illuminating it. On illumination of the entire retina, oscillations of complex and highly 
variable form were led off from these positions and were observed only in the first 
30 min of the test, after which time the negative potential, as a rule, disappeared comple- 
tely and simultaneously in all parts of the retina and the i.e.r.g. (e.r.g. led off from 
within the retina) took on the usual simple form as in the experiments of Svaetichin. 

In view of the variable behaviour of the e.r.g. and i.e.r.g. and also the fact that 
the potential of simple form (after disappearance of the complex form) was produced 
almost entirely on the external limiting membrane, Brindley concluded that the rods 
and cones are the only source of a normal e.r.g. since only they traverse the membrane. 
The potentials of complex form led off from the inner nuclear layer do not participate 
for some reason in production of the total e.r.g. It should be pointed out that in later 
work [17] Brindley is more cautious in drawing this conclusion and admits of the 
possible participation of the bipolar cells in the production of the total e.r.g. 

Thus, in the work of Brindley a great deal remains unclear although it did to some 
extent explain the reason for the contradictions between the experiments of Ottoson 
and Svaetichin, on the one hand, and Tomita et a/. on the other. In particular, it is 
not clear why the variations in potential led off from the inner nuclear layer do not 
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participate in the production of the total e.r.g. nor why these variations disappear 
with such rapidity during the test, whereas the total e.r.g. led off from the opposite 
surfaces of the retina retains its normal configuration for a much longer period. 

It was to find the answer to this and other questions that we undertook the present 
electro-physiological investigations in conjunction with histological observations. 


EXPERIMENTAL TECHNIQUES 

The design of the experiments was very similar to that used by us in determining 
the resistance and capacitance of the different layers of the retina [18]. An isolated 
frog eye (Rana ridibunda) was placed in a special chamber (Fig. 1A) and the e.r.g. 
recorded by means of a micro-electrode M lowered stepwise into the retina with 
a micro-manipulator, and by one of the macro-electrodes placed on one side of the 
retina on the sclera / or on the other side in the vitreous body //. The electrodes were 
connected to the input of the cathode repeater described previously [19]. Electrodes / 
and 2 and also the entire arrangement depicted in the left half of Fig. 1 were used 
to supply the square pulses of current when it was required to determine the position 
of the tip of the micro-electrode in relation to the external limiting membrane. This 
was achieved along lines similar to those in Brindley’s method described above (for 
further details see [18]). 

Glass micro-pipettes with a tip diameter of 1-1-5 w and filled with 3 M KCI served 
as the micro-electrodes, the resistance of which varied from 5 to 20 M 2 when immersed 
in Ringer solution. In some cases for the local recording of potential from the inner 
layers of the retina we used double micro-electrodes formed by sealing together two 
of the usual micro-pipettes along the entire length of the tapering part, the vertical 
distance between the two tips varying from 5 to 50 u (Fig. 1B). The protruding micro- 
electrode was connected to the valve grid of the cathode repeater, the other was earthed. 

The signal recorded was fed from the output of the cathode repeater to a two- 
stage d.c. amplifier and then to an ENO-1 oscillograph with its own d.c. amplifier. 
The picture observed on the oscillograph screen was photographed. 

Rhythmic light stimulation (200 Ix on the retina, period 2 sec) was supplied by 
a wide beam uniformly illuminating more than half the retinal surface. The retina 
was not supplied with flashes of light as is usually the case but with blackouts lasting 
0-5 sec. In such conditions, as is known, [20] the e.r.g. a—wave is well expressed, 
which seemed to us very convenient in the analysis of the site of production of the 
individual components of the e.r.g. The moment of switching on or off the light was 
recorded by means of a photocell as a short upward or downward movement on the 


e.r.g. curve. 
The micro-electrode was applied to the inner surface of the retina* and the variation 
in potential between it and the electrode in contact with the sclera was recorded (lead /). 


* The moment of contact between micro-electrode and retina was determined both visually from 
the displacement of the tissues seen with a binocular magnifying glass and from the appearance of 
the negative deflexion on the oscillograph screen [18]. 
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Then, in place of electrode J (Fig. 1), electrode // in contact with the vitreous body 
was applied and the variation in potential again recorded (lead //). The e.r.g. was 
recorded in both leads / and JJ for each depth as the micro-electrode was advanced 
into the retina. When a double micro-electrode was inserted, leads / and // corresponded 
to the recording of the variations between the longer tip and electrodes / and // and 
lead ///] to the variation between both tips. We ascertained from time to time whether 
the tip of the micro-electrode had traversed the external limiting membrane by passage 
of pulses of current through electrodes / and 2. 


Source of roy 

To cathode 
repeater 


Fic. 1. (A) diagram of apparatus for recording of e.r.g. and delivery of square pulses 
of current. Explanation in text. (B) double micro-electrode used for local recording 
of potentials from within the retina. 


When the filmed curves were printed on paper, the photographs were so arranged 
for convenience of comparison that the upward deflexion in all cases corresponded 
to the positivity of the upper electrode (be it the micro- or macro-electrode). The 
upward deflexion will henceforth be referred to as positive, the downward as negative. 

Parallel histological investigations were made with use of the preparations from 
the electro-physiological tests and also with preparations from intact frogs in various 
conditions of light and temperature. The eyes were fixed with rapidly acting Carnout 
fluid and stained with Ehrlich haemotoxylin-eosin. 


RESULTS 


In the frog eye preparation kept in the cold (5-7°) before the experiment and in 
the dark, an electro-physiological picture was seen for a period of 30-40 min from 
the start of the test which is depicted in Fig. 2 (A). When the micro-electrode was 
on the inner surface of the retina the usual e.r.g. was recorded in lead / consisting of 
wave a in response to switch off of light and the a—b complex at switch on. Variations 
were almost or completly absent in lead // since both recording electrodes were in the 
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vitreous body. Insertion of the micro-electrode to a depth of 110-115 mw gave no 
appreciable variations of potential. A positive variation appeared almost instan- 
taneously in lead // at a depth of 115-125 uw approximating to the height of the total 
e.r.g. In lead / on switching off the light the positive variation was short-lived, with 
a negative variation (wave a) on switching on. To a depth of 175-180 uw the picture 
was practically unchanged, but as from 185 uw and up to the external limiting membrane 
there was a gradual change in the shape of the curves and wave a passed from lead / 
to lead //; in addition, on switching off the light a short lived positive variation appeared 
in lead // superimposed on an initially smoother curve with a corresponding negative 
variation* in lead / preceded in many cases by a small positive variation. Finally, 
after piercing the external limiting membrane with the micro-electrode the variations 
in lead J disappeared almost completely and the original e.r.g. was recorded in lead // 
(usually it decreased somewhat during the experiment). Fig. 2 (B) gives another 
example of such an experiment. 

As the micro-electrode was advanced into the retina the configuration of the e.r.g. 
in the various preparations varied quite substantially, being essentially a function 
of the different depths at which the changes were recorded. Thus, a positive deflexion 
in lead // and the corresponding changes in lead J were first seen in the different 
preparations at depths varying from 85 to 140 w. The external limiting membrane 
was reached by the micro-electrode at depths between 200 and 290 u.t The variations 
recorded usually differed somewhat in form. Fig. 2 (A) is, however, typical of the 
majority of tests in this series. A more detailed investigation and analysis of all the 
observations is a future task. Here we would merely stress the basic fact that in the 
given conditions, i.e. for the first 20-30 min a considerable and quantitatively greater 
part of the e.r.g. arises before the external limiting membrane is reached: to be more 
precise, it arises in the inner nuclear layer. Only a comparatively small part of the 
total potential is formed at the external limiting membrane and the variation is of 
opposite sign (in Fig. 2A (/) at a depth of 225 w, in Fig. 2B (//) at a depth of 265 «). 


* Since in an electric field in the absence of an alternating magnetic field the sum of the potentials 
between points 1 and 2 and points 2 and 3 is always equal to the potential between points | and 3, 
the geometric sum of curves / and J// for the different depths of insertion must be constant and equal 
to the total e.r.g. led off from between the vitreous body and the sclera. The departures from this 
rule sometimes observed in the curves are due to the fact that recordings in leads J and // were not 
made simultaneously but one after. During this interval, for some reason or other, changes in the 
variations in the potentials could have occurred. 

+ The variability of the depths is partly to be explained by the different thicknesses of the layers 
both in different parts of the same retina and in the different preparations. Another cause was 
undoubtedly the difference in width of the micro-electrodes used and consequently the degree of dis- 
placement of the tissue. In general, the external limiting membrane was on average encountered at 
a somewhat greater depth than in our previous work [18] when we found it to be at 175-225 uw. 
This was apparently due to the greater diameter of the micro-electrodes used in our present work, 
necessary to reduce their resistance. This is of particular importance since the resistance of the micro- 
electrode within the retina may be three to five times higher than its resistance in Ringer solution [18]. 
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Quite different results were obtained after 40-60 min had elapsed from the start 
of the experiment, Fig. 3(A). The total e.r.g. recorded between the vitreous body and 


Fic. 2. E.R.G recorded in different layers of retina during first 20-40 min of experi- 
ment. Numbers on left — depth of insertion of micro-electrode in microns. M 
indicates level at which external limiting membrane was reached. /: recording between 
micro-electrode and electrode J (see Fig. 1). JJ: between micro-electrode and electrode 
II. Arrows under curves: downwards — moment of switch off of light; upwards — 
moment of switch on. (A and B) experiments with different preparations. The variations 
remained unchanged from 0 to 110-115 mw in Fig. A and from 0 to 130 yw in Fig. B 
in leads J and J//. 


the sclera remained practically unchanged but the distribution of the potentials within 
the retina varied quite strongly. On insertion of the micro-electrode in the external 
limiting membrane almost the total e.r.g. was recorded in lead / with only a slight 
positive deflexion in lead //. As soon as the electrode had passed the external limiting 
membrane (at a depth of 260 ~) the e.r.g. completely disappeared in lead J and the 
whole appeared in lead JJ. We were able in this experiment to record the e.r.g. in 
lead J/7 with use of a double electrode the tips of which were 7 w apart. The lower 
part of the figure shows such a curve recorded at that moment when the two tips 
were on different sides of the membrane. It is clear that practically the whole e.r.g. 
is formed at the external limiting membrane. 
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We give in Fig. 3(B) an intermediate case in which the site of formation of the 
e.r.g. was only partially shifted to the external limiting membrane. 


Fic. 3. E.R.G from within retina 40-60 min after start of experiment (A and B) two different tests. 
Symbols as in Fig. 2. (///) recording by means of double micro-electrode at depth indicated by 
number on left. 


Thus. in the first 40-60 min of the experiment some changes occurred in the retina 
apparently in the region of the external limiting membrane which led to a re-distribution 
of potentials. The solution to this problem was given by parallel histological obser- 
vations. 

We had earlier noted that the nuclei of the rods at the level of the external limiting 
membrane in the frog may concentrate on one or other side of the membrane* depending 
on a number of conditions. Fig. 4 (A) shows the arrangement of the rod nuclei of 
the dark-adapted eye kept in the cold at 5-7°. It is clear that the nuclei are in the 
main located above the external limiting membrane. If the preparations were kept 
in a chamber for about an hour, during which period the site of formation of the e.r. g. 
shifts to the external limiting membrane, the histological picture was as in Fig. 4 (B); 
the rod nuclei have almost all passed to the lower (outer) side of the external limiting 
membrane with the formation in them of characteristic “little snouts”. 

It was natural to assume that the movement of the rod nuclei through the external 
limiting membrane is associated with the well-known retinomotor effect and conse- 


* In most recent publications [21, 22] this phenomenon is not noted. However, it has long been 
known [23] and in one recent work [24] it was the subject of a special investigation; with prolonged 
light adaptation the rod nuclei of the frog eye contract and partially shift to the outer side of the 
external limiting membrane. The change in the position of the cone nuclei of fish retina in relation 
to the state of adaptation has been noted by Baburina [25]. 
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quently with the state of adaptation of the retina. It was found that if a preparation 
in which the e.r.g. had almost completely shifted to the external limiting membrane 
as a result of the prolonged experiment was kept for 5 hr in the cold and dark, both 
the electro-physiological and histological pictures reverted to those at the start of the 
experiment. It was, however, seen that in the frog eye preparation kept for 2 hr in 
heat and bright sunlight the rod nuclei were all arranged on the inner side of 
the external limiting membrane (Fig. 4B), and that in the electro-physiological sense 
the picture was same as with dark adaptation and cold. At the same time arrange- 
ment of the receptors and pigmented epithelium is typical of light adaptation. 


Fic. 4. Position of rod nuclei in relation to external limiting membrane M in different 
experimental conditions. (A) dark adaptation and in the cold; (B) after 40-60 min 
in chamber in conditions of rhythmic light stimulation; (C) preparation prepared 
from frog kept for 2 hr in sunlight in warmth. Fixing with Carnout, staining with 
haemotoxylin—eosin. 


Some experiments were carried out to clarify the dependence of the movement 
of the rod nuclei on the experimental conditions. Their shift to the outer side of the 
external limiting membrane was most clearly observed in preparations kept for 40-60 min 
at room temperature in conditions of rhythmic light stimulation. The effect of constant 
light is possibly to slow down this process and cooling of the preparation also slows 
it down considerably. In intact frogs exposed for different lengths of time to heat 
and light, the movement of the nuclei to the outer side of the external limiting mem- 
brane was of a temporary character and much less marked. 

The question of the factors determining the movement of the rod nuclei cannot 
be considered adequately explained as yet. However, in all the experiments the electro- 
physiological picture of the distribution of potentials within the retina corresponded 
to an absolutely definite position of the rod nuclei in relation to the external limiting 
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membrane. This applied chiefly in extreme cases in which the rod nuclei were mostly 
arranged on one or other side of the membrane, whereas in intermediate cases the 
picture was sometimes more complex since the rod nuclei were arranged differently 
in the various sections of the retina. 


DISCUSSION 


Thus, dependent on the position of the rod nuclei in relation to the external limiting 
membrane the e.r.g. may be formed in the main either in the layers internal to the mem- 
brane or on the membrane itself. Many of the experimental findings of previous 
authors can be understood in the light of this fact. It is clear, for example, that Tomita 
et al. who claimed that the e.r.g. arises in the layer of bipolars were dealing with the 
state of the retina before the passage of the rod nuclei to the outer side of the external 
limiting membrane. This is confirmed by the reference of these authors to the fact 
that the potentials led off were maintained for a lengthy period only at low temperatures. 
As we have pointed out, a characteristic of the movement of the nuclei is the dependence 
on temperature. The same may be said of the work of Brindley who emphasises in 
addition to the temperature factor the important role of the maintenance of the blood 
supply to the retina. In his experiments the variations in potential in the layer of the 
bipolars were maintained much longer if the test was conducted on the intact frog 
and not on the isolated preparation. Correspondingly, in our observations on whole 
frogs, the shift of the nuclei to the outer side of the membrane was much more weakly 
expressed here than in the isolated preparations. 

On the other hand, in the work of Ottoson and Svaetichin and also in some of 
the experiments of Brindley the state of the retina was apparently such that the rod 
nuclei were arranged on the outer side of the external limiting membrane and the 
e.r.g. was formed almost entirely in the membrane. 

The questions arise as to how the position of the rod nuclei in relation to the external 
limiting membrane can effect a change in the site of formation of the e.r.g. and which 
structures or processes are at its source. In this connexion some ideas may be put 
forward which have to a certain extent been substantiated but which still require further 
experimental confirmation and elaboration. 

The e.r.g. arises as a result of the flow of current through the inter-cellular structures 
which, on meeting the resistance of these structures, produces a variation in potentials. 
The first variation in lead J/ (Fig. 2), almost equal to the e.r.g. in magnitude, appears 
at a depth of 80-140 uw which corresponds to the start of the inner nuclear layer or 
bipolar nuclear layer if the displacement of the tissues by the micro-electrode is taken 
into account.* The deflexion registered is positive, which means that in the inter- 
cellular medium the flow of the current is downwards (Fig. 5A). Within the bipolars 
it must take the opposite direction. 


* For the reasons presented at the beginning of this article in the present arrangement we did not 
take into account the horizontally orientated structures — the amacrine and horizontal cells. 
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Let us assume that the synaptic transmission of excitation between the rods and 
bipolars is effected in principle in the same way as at other synapses, e.g. motor neurones. 
The arrival of the impulse at the pre-synaptic endings produces by some means depo- 
larization of the sub-synaptic region which leads in the cell to the formation of spreading 
impulses [26]. In the case of a bipolar cell this sub-synaptic region is that part of its 
distal branch which, as electron microscopy has shown [27, 28], grows into the terminal 
swelling of the rod. As a result of depolarization of this “intrarod’’ part of the branch, 
the current within a bipolar must flow from the synapse outwards (in an upwards 
direction in the diagram) along the entire surface of the cell membrane (chiefly at 


A 8 


Fic. 5. Plan of distribution of currents in retina to explain shift of site of formation 

of e.r.g. from bipolar layer to external limiting membrane (e.|.m.). (A) arrangement 

of rod nuclei on inner side of external limiting membrane; (B) following their movement 

to the outer side. Shaded area: subsynaptic region of bipolar branch growing into 
terminal swelling of rod pedicle. 


the level of the nucleus since the surface of the membrane of the cell body is much 
greater than that of the branch) and in the reverse direction in the intercellular medium, 
as was observed in the experiments. (Hence, the origin of this component of the e.r.g. 
is similar to that of the anterior root potentials of the spinal cord [29] and also apparently 
to the slow variations in potential led off from the optic nerve). Later, in order to 
complete the circuit, the current must return to the synapse; however, since the sub- 
synaptic region of the bipolar is completely enclosed in the terminal swelling of the 
rod, the current must pass through the rod. A rough calculation of the resistances 
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of the rod membrane and of its internal medium shows that the principal part of the 
current enters the rod at the level of the nucleus. The entry of current into the rod 
at the level of the internal segment is impeded however by the external limiting mem- 
brane, the resistance of which, from our measurements [18], approximates to that 
of the cell membranes (150-300 {2/cm2). Therefore, if the rod nucleus is positioned 
on the inner side of the external limiting membrane the current enters the rod at a point 
higher than this membrane (Fig. 5A) and does not produce a drop in voltage. 

After the rod nucleus has moved to the opposite side of the external limiting mem- 
brane a considerable part of the current, in order to penetrate the rods, must cross 
the external limiting membrane producing in it a variation in potential — the e.r.g. 
(Fig. 5B). 

This outline satisfactorily explains the cause of the shift of the site of formation 
of the e.r.g. from the bipolar layer to the external limiting membrane. However, the 
curves in Fig. 2(A) and (B) show that this simple arrangement may at present be 
regarded only as a first approximation and that in fact the matter is more complicated. 
Thus, the appearence in lead // at a distance of 40-50 u from the external limiting 
membrane of a short-lived positive variation (on switching off the light, Fig. 2 (A) 
and (B) superimposed on a smoother curve, and also the simultaneous transfer of 
the negative a wave from lead / to lead //, are possibly related to the activity of bipolars 
which are excited for a short time on switching off and inhibited on switching on.* 
The bodies of such bipolars must be arranged in the distal stratum of the inner nuclear 
layer. * 

Further, the shift in the rod nuclei to the outer side of the external limiting membrane 
is accompanied by a considerable fall in the variations of the potential in the bipolar 
layer. According to the scheme outlined this signifies a reduced degree of depolarization 
of the bipolars and consequently a lesser degree of excitation. It is possible that a definite 
role is played here by the successive inclusion in the bipolar current circuit of the 
additional resistance of the external limiting membrane. Finally, there are grounds 
for assuming that the rods are the source of the current which produces a negative 
variation in potential at the external limiting membrane on switching off the light 
since the direction of this current is opposite that of the bipolars and the negative 
variation disappears after movement of the rod nuclei to the outer side of the external 
limiting membrane. There remain a whole number of questions requiring further 
careful analysis and, in particular, it is important to elucidate the role of the cones 
in the formation of the e.r.g. In the frog the cone nuclei are situated above the external 


* If the positive variation in the bipolar layer, in line with the scheme suggested, corresponds to 
depolarization of the sub-synaptic region of the bipolars, the negative variation must correspond to 
hyper-polarization and consequently to inhibition of the bipolars. In fact the a wave of the e.r.g., 
as is known [30, 31] is related to the inhibition of impulses in the optic nerve. 

+ Such an assumption is justified from the histological point of view. Thus, in the retina of primates 
the bodies of the bipolars of different types are regularly arranged in the different strata of the inner 
nuclear layer [22]. 
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limiting membrane and do not move through it (Fig. 4). Therefore the cones are not 
included in the scheme. In addition, in the frog they are much rarer than the rods. 
Some preliminary experiments with stimulation of the retina with rays of different 
wavelength have not to date given any fundamental results. 

The mechanism and physiological significance of the shift of the rod nuclei through 
the external limiting membrane are also not clear. It is possible that it has some kind 
of regulatory function determining, for example, the degree of excitation of the bipolar 
cells. However, comparison of the results obtained in isolated preparations and in 
whole frogs leads one to believe that it is of a pathological nature. 


SUMMARY 

By means of a micro-electrode inserted to varying depths in the retina of a frog 
the distribution of potentials on light stimulation was investigated. Parallel histological 
observations on the arrangement of the cellular elements in the vicinity of the external 
limiting membrane were made. 

(1) The quantitatively greater part of the e.r.g. arose in the inner nuclear layer 
during the first 20-30 min of the experiment. 

(2) The site of formation of the e.r.g. almost completely shifted after 40-60 min 
to the external limiting membrane although the total e.r.g. recorded from between 
the vitreous body and the sclera showed no essential change. 

(3) The histological investigations showed that in the first period the arrangement 
of the rod nuclei was chiefly on the inner side of the external limiting membrane and 
in the second period on the outer side. 

(4) Movement of the rod nuclei to the outer side of the membrane was slowed 
down at low temperatures; it was more strongly marked in isolated preparations than 
in intact frogs. The position of the rod nuclei cannot be related to the state of adaptation 


of the retina. 
(5) A scheme is proposed whereby one of the main sources of the current producing 


the e.r.g. is the depolarization of the sub-synaptic endings of the bipolars. 


Translated by A. Crozy 


REFERENCES 


. GRANIT, R., and HELME, T., J. Neurophysiol. 2: 556, 1939 

. GRANIT, R., Sensory Mechanisms of the Retina. London, 1947 
GRANIT, R., Receptors and Sensory Pereception. New Haven, 1956 

NOELL, W.K., Amer. J. Ophthal. 38: 78, 1954. 

. CORNU, L., and GONELLA, J., C. R. Soc. Biol., Paris 148: 1096, 1954 

BENOIT, P. H., CORNU, L., and GONELLA, J., J. Physiol. Path. Gen. 47: 91, 1955 

. WOHLZOGEN, F. X., Z. Biol. 108: 217, 1956 

. HECK, L, v. Graefes Arch. Ophthal. 158: 17, 1956 

. DEMIRCHOGLIAN, G. G., and MIRZOIAN, V.S., Dokl. Akad. Nauk SSSR 90: 371, 1953 
. MUELLER-LIMMROTH, H. W., and ANDREE, G., Z. Biol. 107: 25, 1954 

. TOMITA, T., and FUNAISHI, A., J. Neurophysiol. 15: 75, 1952 


— 


! 
] 
A A 
arr 
: 
2 
2 
P 
> 


E. B. Basskul. N. IVANITSKAIA and V. L. KARPMAN 


. TOMITA, T., and TORIHAMA, Y., Jap. J. Physiol. 6: 118, 1956 
. OTTOSON, D., and SVAETICHIN, G., Cold. Spr. Harb. Symp. Quant. Biol. 17: 165, 1952 
. OTTOSON, D., and SVAETICHIN, G., Acta. Physiol. Scand. Suppl. 106, 29: 538, 1953 
. BRINDLEY, G.S., J. Physiol. 134: 339, 1956 
. BRINDLEY, G.S., J. Physiol. 134: 360, 1956 
. BRINDLEY, G.S., J. Physiol. 140: 247, 1958 
. BYZOV, A. L., Biofizika 3: 658, 1958* 
. BYZOV, A. L., and BONGARD, M.M., Fiziol. zh. SSSR 45: 110, 1959* 
. GRANIT, R., J. Physiol. 85: 421, 1935 
. WALLS, G.L., The Vertebrate Eye. Cranbrook Inst. of Science. Bulletin No. 19, 1942 
. POLYAK, S.L., The Retina. Chicago, 1941 
23. GENDERN van, S. A., Ber. 18 Versamm. ophthal. Gesell. Heidelberg. 43: 1886 
. PUFF, A., Gegenbaurs Jb. 93: 14, 1953 
. BABURINA, E. A., Trud. Soveshchaniia po voprosam povedeniia i razvedki ryb. (Work of the 
Conference on Problems of the Behaviour and Breeding of Fish.) Moscow, 1953 
. ECCLES, J.C., The Physiology of Nerve Cells. Baltimore, 1957 
27. SJOSTRAND, F.S., Int. Rev. Cytol. 5: 456, 1956 
. De ROBERTIS, E., and FRANCHI, C. M., J. Biophys. Biochem. Cytol. 2: 307, 1956 
. BROOKS, C. Me C., and ECCLES, J. C., J. Neurophysiol. 10: 251, 1947 
. GRANIT, R., and THERMAN, P. O., J. Physiol. 81: 47P, 1934 
. GRANIT, R., and THERMAN, P.O., J. Physiol. 83: 359, 1935 


* There is a translation into English of this work. 


MECHANICS OF CARDIAC ACTIVITY DURING 
INSPIRATION AND EXPIRATION 
(DY NAMOCARDIOGRAPHIC STUDY)* 


E. B. Basskil, I. N. IVANITSKAIA and V. L. KARPMAN 
Institute of Thoracic Surgery, Academy of Medical Sciences of the U.S.S.R., Moscow 


(Received 12 July 1957) 


THE interrelationships between phases of the respiratory cycle and cardiac activity 
have been studied in a number of special investigations on man and in many experiments 
on animals. On the basis of blood-pressure recordings in the heart cavities and large 
vessels [1], ballistocardiographic studies [2] and the determination of the systolic 
and minute volumes of the blood [3], it has been shown that the actions of the right 
and left hearts are reciprocally related during inspiration and expiration. At the deepest 
point of inspiration, the systolic volume of the right ventricle increases by 15—40 per cent, 
but the systolic volume of the left ventricle is both ventricles is considered to be due 
to variations in the intrathoracic pressure during breathing. A fall in the intrathoracic 


* Biofizika 4: No. 2, 198-203, 1959. 
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pressure during inspiration causes an increased pressure difference between the peripheral 
veins and the right auricle; this promotes a large venous return to the right ventricle 
of the heart. The flow of blood into the left ventricle of the heart is reduced during 
inspiration because of the increased volume of the vessels of the pulmonary circulation. 


The lack of balance in the work of the right and left hearts observed during breathing 
is reflected in the shape and character of the curves of cardiac activity recorded by 
different instrumental methods, and the effect of breathing on the graph of the ballisto- 
cardiogram [4, 5], sphygmogram [6], photocardiogram [7], rheocardiogram [8], 
etc., is known. 

Besides the study of the effect of normal respiration on cardiac activity, the question 
of the effect of an interruption at some stage of the respiratory cycle is of great interest. 
This problem is not only of theoretical interest but it assumes practical importance 
in the physiology of work and sport. From the few studies devoted to the problem 
it is known that when respiration is interrupted during inspiration, the lack of balance 
in the actions of the right and left hearts which occurs at the beginning of the cycle 
is eliminated, and the stroke volume generally increases [9, 10]. It is also known that 
when breathing is stopped during inspiration the arterial pressure falls [11] and the 
heart volume increases [12]. 

Further study of this problem appeared to us to be important for the additional 
reason that interruption of respiration is used in the recording of low-frequency 
ballistocardiograms, electrokymograms, dynamocardiograms and some other curves. 
It is evident that in the analysis of these curves the effect on the heart’s action of the 
interruption itself must be taken into account. We therefore undertook a special 
study with the object of elucidating the mechanism of change in cardiac activity when 
breathing is interrupted during the expiration and inspiration phases. 

The present study was carried out on 30 healthy human subjects aged between 
20 and 40. Changes in the “longitudinal’’ dynamocardiogram were studied on these 
[13, 14]; that is, the cardiogram was recorded in such a way that the mechanical 
processes directed mainly along the longitudinal axis of the body were registered. 
The “transverse’’ dynamocardiogram was also recorded on some of the subjects. 
This latter recording of the dynamocardiogram registers displacements in the centre 
of gravity of the thorax in a direction perpendicular to that recorded by the “longitu- 
dinal’’ dynamocardiogram. 

The following investigation routine was used. The subject lay on a table with 
the receiving apparatus of the dynamocardiograph, and after 3 to 5 min he was asked 
to hold his breath during expiration. During this time the dynamocardiogram was 
recorded for 10 seconds (expiration dynamocardiogram). Then, after a short rest, 
the subject held his breath during inspiration, the dynamocardiogram being recorded 
in the same way (inspiration dynamocardiogram). 

We shall begin the presentation of the results obtained by comparing the inspiration 
and expiration curves with an analysis of the changes in shape of the dynamocardiograms. 
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In the overwhelming majority of subjects the inspiration dynamocardiogram differed 
in shape from the curve recorded during expiration. These differences were observed 
mainly in interval III of the dynamocardiogram (Fig. 1); the amplitude of section 


Fic. 1. Changes in the shape of the dynamocardiogram in interrupted respiration. (A) dynamocar- 

diogram for interruption during expiration. (B) dynamocardiogram of the same subject recorded 

during interruption in inspiration. The increase in amplitude of section. 3-4 and the disappearance 

of the breaks in this section can be seen. Abore, phonocardiogram; below, electrocardiodram in 
first recording. 


3-4 of the inspiration curves for the majority of subjects significantly exceeded the 
amplitude of this section on the expiration dynamocardiograms. The increase in 
amplitude for different subjects varied over wide limits, ranging from 9 to 62 per 
cent with an average of 23 per cent. Moreover, the amplitude of section 3-4 for one 
subject remained unchanged on both curves, but it actually diminished in 3 subjects 
when respiration was interrupted during expiration. 
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These amplitude shifts on the dynamocardiograms are related to complex physiolo- 
gical processes associated with phases of the respiratory cycle. The increase in the 
stroke volume of the blood for an interruption during expiration and the change in 
the position of the mechanical axis of the heart in relation to the longitudinal axis 
of the body (Kazmeier and Schild [5], Starr [2}]) can be regarded as the most important 
of these processes. 

As can be deduced from the theoretical bases of dynamocardiography, both these 
factors can have a marked effect on the shape of the curve. Thus an increase in the 
volume of blood displaced in the vessels during the phase when it is expelled from 
the ventricles must produce an increase in the amplitude of the curve in interval III. 
This follows from the fact that the amplitude of this section is determined both by 
the extension of the main vessels and by the weight of blood displaced in them. Since 
the extension of the vessels in a given subject during the time of examination is a constant 
quantity, the changes in the amplitude of section 3-4 of the dynamocardiogram depend 
on changes in the blood stroke volume. 

The position of the heart and large vessels in the thorax also affects the amplitude 
of the curve in interval III, because it determines the direction of motion of the centre 
of gravity of this part of the body; the smaller the angle between the longitudinal 
axis of the human body and the direction of these displacements, the greater is their 
effect on the longitudinal dynamocardiogram. 


M 


BAX 


Fic. 2. Vector analysis of dynamocardiogram in interval II]. Explanation in text. 


In order to examine the significance of each of these factors affecting the amplitude 
of the curve in interval III of the inspiration dynamocardiogram, we made a vector 
dynamocardiographic analysis of the mechanical processes accompanying the heart’s 
contraction in different phases of the respiratory cycle. For this purpose, values of 
the amplitude of section 3-4 of the “longitudinal”? dynamocardiogram are plotted 
on the ordinate of a rectangular co-ordinate system (Fig. 2), for expiration (ON) and 
inspiration (OM); values for the corresponding sections on the transverse dynamo- 
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cardiogram are plotted along the abscissa, for expiration (OA) and inspiration (OB). 
The resultants representing the directions and true values of the mechanical processes 
in the phases when the blood is expelled from the ventricles during expiration and 
inspiration were found from these components. 

The course of our investigation may be illustrated by Fig. 2 and Table 1, which 
show the results of the analysis of longitudinal and transverse dynamocardiograms 
on one subject. As can be seen from Table | and Fig. 2, during inspiration a reduction 
occurs in the angle between the resultant of the mechanical processes in the blood- 
expulsion period (which we term the haemodynamic vector of the dynamocardiogram 
interval Ill) and the longitudinal axis of the subject. As a result, the contribution 
of the haemodynamic vector is more pronounced in the “longitudinal’’ inspiration 
dynamocardiogram than in the corresponding expiration dynamocardiogram. The 
length MN shows to what extent the amplitude of the curve in interval III of the 
longitudinal inspiration dynamocardiogram increased compared with the corresponding 
expiration value. Obviously, its magnitude is determined not only by the increase 
in the scalar magnitude of the true haemodynamic vector, but also by the reduction 
in the angle of inclination to the axis OY of this vector. 

The contribution of each of these components to the increase in amplitude of 
section 3-4 of the longitudinal inspiration dynamocardiogram can be determined 
easily from the following formulae: 

(1) scalar component of increase (OR, — OR,) - cos p; 

(2) angular component of increase = OR; (cos f — cos a). 


TABLE | 


Amplitude of Amplitude of Angle of inclination | Scalar magnitude of 


of resultant of 
mechanical processes 
in blood-expulsion 
phase in relation to 
longitudinal axis 
of the body 


resultant of 
mechanical processes 
in blood-expulsion 
phase 
(mm) 


section of section of 
“longitudinal” “transverse” 
dynamocardiogram dynamocardiogram 
in interval III in interval II 
(mm) (mm) 


Phase of 
respiratory 


cycle 


Expiration 49 26 28 55-4 
Inspiration 56 24 23 60-8 


Both these formulae are derived from an analysis of Fig. 2. When actual values from 
Table 1 were substituted in these formulae, the scalar component was found to 4-9 mm, : 
and the angular 2-1 mm. Therefore, in this particular instance, 70 per cent of the increase 
in amplitude of section 3-4 of the dynamocardiogram is attributable to the stroke 
volume and 30 per cent to the change in the heart’s position during inspiration. 


For the remaining subjects, the angular component of the amplitude change in 
the curve of interval III varied within different limits, but it was always less than 
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50 per cent. In one subject, contrary to what has been stated above, the angular com- 
ponent of the amplitude change in the curve of interval III was responsible for a relative 
decrease in the magnitude of section OM, because the angle f increased in comparison 
with the angle a during inspiration. 

The results of the dynamocardiographic study thus confirm the theoretical assump- 
tions about the effect on the amplitude in interval III of the stroke volume and the 
vector interrelationships in the thorax: they indicate that the main effect is due to 
changes in the stroke volume. 

In many subjects, in addition to amplitude changes in section 3-4 during different 
phases of the respiratory cycle, changes in the shape of the curve in this interval were 
also observed (Fig. 1). Thus it was frequently observed that during inspiration the 
splitting of the dynamocardiographic curve in interval III diminished or even disap- 
peared entirely, as often occurs in healthy subjects. 

When the shape of the curves during inspiration and expiration is being considered, 
it should be noted that the expiration dynamocardiogram has the more stable outline. 
This is of definite importance in experimental work; in practice some workers record 
standard dynamocardiograms during inspiration, others during expiration. Our 
results show that recording during expiration is to be recommended. The greater 
stability of the expiration dynamocardiogram outline is probably related to the absence 
of tension in the respiratory muscular system during the expiration phase. 

In addition to the changes in the shape of the curves in different phases of the 
respiratory cycle, the duration of the dynamocardiogram intervals also changes. 
The most regular change occurs in the duration of interval II. In 18 subjects the length 
of this interval during inspiration decreased by 0-01-0-03 sec compared with its duration 
in expiration (in 12 subjects the duration remained unchanged). 

Changes in the length of interval LII and in the general duration of systole of the 
ventricles were less regular. The mean results on the duration of the dynamocardiogram 
intervals during inspiration and expiration are given in Table 2. As will be seen from 
these, the duration of interval II, when respiration was interrupted during inspiration, 
is on the average 0-006 sec shorter than the corresponding expiration value. 


TABLE 2 


interval expiration inspiration (sec) 
(sec) (sec) 


0-075 +.0-002 0-069 +-0-002 


=+40-011 —0-006 


0-208 40-004 0-211 40-004 
= 40-021 =+0-021 

0-283 40-005 + 


Systole of ventricles = +0-026 = +0-027 
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Changes in the length of interval II can be considered statistically significant; 
changes in interval III and in the systole as a whole in different phases of the respiratory 
cycle are not statistically significant. 

What is the physiological significance of the changes in the length of different 
intervals in the dynamocardiogram? According to our results, the duration of interval I] 
is determined on the one hand by the force of cardiac contraction and on the other 
by the level of the diastolic pressure in the main vessels. It is known that cardiac 
contraction is stronger during inspiration than during expiration. This is explained 
by the increase in the flow of blood to the heart during inspiration conditions [15], 
the final result being a rise in the stroke volume. It is also known that the diastolic 
pressure in the main vessels falls during inspiration. Thus during inspiration conditions 
are created under which the length of interval IT must diminish. This is confirmed 
by the results given here. 

We observed a particularly significant reduction in the length of interval II of the 
inspiration dynamocardiogram in patients with mitral stenosis. It seems that in these 
patients the conditions of activity of the right heart in different phases of the respiratory 
cycle differ more than in healthy people; apparently, with this heart disease the reduction 
in intrathoracic pressure produced during inspiration is favourably reflected in the 
conditions governing the filling of the heart and the expulsion of blood from it. We 
analysed the dynamocardiograms, recorded during inspiration and expiration, of 
30 patients with mitral stenosis; for these patients the reduction in the duration of 
interval II during inspiration was equal to 0-01-0-04 sec. Statistical treatment of the 
results showed that the mean duration of interval II on the expiration dynamocar- 
diogram was equal to 0-111 +-0-003 sec, and when respiration was interrupted during 
inspiration this diminished to 0-100-+-0-002 sec. 


SUMMARY 

(1) The shape of the dynamocardiogram changed with the phases of the respiratory 
cycle. When respiration was interrupted during inspiration an increase in the amplitude 
of the curve in interval II] was noted; this was frequently accompanied by a smoothing 
of breaks in section 3-4. 

(2) The increase in the amplitude of the curve in interval Ill of the inspiration 
dynamocardiogram was mainly related to an increase in the blood stroke volume. 
A relatively smaller part was played by the change in the heart’s position in the thorax, 
the mechanical axis of which approached the longitudinal axis of the body during 
inspiration. 

(3) The inspiration dynamocardiogram showed a reduction in the length of inter- 
val II. 

(4) The shape of the dynamocardiogram was more stable when respiration was 
interrupted during expiration; for this reason it was recommended that standard 
dynamocardiograms should be recorded in this phase of the respiratory cycle. 


Translated by E. Hayes 
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OXIDATIVE PROCESSES IN EARLY RADIATION 
REACTIONS* 


I. BELOKONSKI and G. RUSEV 
Military Medicine Research Institute, Sofia 


(Received 12 April 1958) 


THE changes in oxidative processes that occur during irradiation in higher animals 
[1-3, 5] have so far not been explained, although it has been asserted [4] that enzymes 
containing iron play a part. This paper deals with some important aspects of oxidative 
processes; these aspects are related to changes in the animals’ physiological states, 
and to the formation of organic peroxides in the tissues. These peroxides are primary 
toxic products [3, 5-7]. 

Rats were given X-ray doses that varied from 100 to 20,000 r (180 kV, 15 mA, 
3 mm AI; dose rates 100-168 r/min); the total oxygen consumed by 150 rats was 
measured [8]. Another 290 rats were killed as soon as the irradiations had finished 


* Biofizika 4: No. 2, 204-8, 1959. 
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Fic. 1. Changes in the defensive conditioned reflexes and in the unconditioned reflexes in X-irradiated 
rats. (A) before irradiation; (B), (C) and (D) during irradiation. (/) conditioned and unconditioned 


motor reactions; (2) positive conditioned signal (bell); (3) differential (buzzer); (4) fixative (current); 
(5) time marks (2 sec). 


(doses of 500, 1000, 1500, 2000 and 20,000 r) and measurements were made of tissue 
respiration, succinic dehydrogenase, cytochrome oxidase, organic peroxides [7], and 
of the hydrogen tension (the latter by our method [9]). We used 8 rats to study the 
changes in the defensive conditioned and unconditioned reflexes [10]. 


A 


500 9000 10000 20000 =~ 
Fic. 2. Oxygen consumption and respiratory movements for rats under X-irradiation. 
(A) oxygen consumption (in cm3; each column for 5 min); (B) respiration per min. 
The hatched columns are for times before irradiation, the others for irradiation 
at 100 r/min. 
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At first (at 500-750 r) excitation was enhanced (Fig. 1); the respiration rate was 
increased by 36 per cent, because the breaths were deeper. The maximum effect occurred 
between the second and third minutes (Fig. 3); tissue respiration measurements (mean 
values for 10 organs) indicated an increased oxygen demand (6 per cent increase at 
500r and 18 percent at 1000 r). Table 1 shows that these doses increased the cytochrome 
oxidase content, and decreased the succinic dehydrogenase content; the ratio between 
the two contents was 12°1 in normals, but it became 40-0 at 500 r, and 49-8 at 1000 r. 


TABLE 1. CYTOCHROME OXIDASE AND SUCCINIC DEHYDROGENASE ACTIVITIES FOR HOMOGENIZED 
WHOLE ORGANS 


| | 
Organ Enzyme Normal 500r | 1000 r 1500r 2000r 
Spleen coe | 33 | 8 | 95 | 122 a2 
SD** | 3:23) 1-44) 101) 1:38) 185) 1:12 
: Testicles co 28 25 | 42 | 57 | 37 38 
SD 7:50} 480! 5:52) 400! 660 1-50 
Liver CO /|220 |235 (240 | 295 | 340-240 
SD 161 | 102 | S51 | 260 | 300 | 25:8 
Kidney CO |370 385 | 328 | 346 298 
SD 30-0 | 225 21-0 | 300 | 450 450 Be 
Brain cortex CO [121 |144 156 |190 | 171 79 
SD | 875| 2:47 230) 620! 5:23 11-2 
White matter co | 120 152. |178 =| 133 59 
SD 109 | 3:20, 7:20) 465 100 
Medulla oblongata | CO | 109/128 120 | 152 150 67 
| 681] 3:20) 3-77 266) 265 0:83 
Heart (CO | 344 (365 (374 364 423463 
| 165 | 120, 95 180 | 360 450 


* Cytochrome oxidase (Vernon’s method, with a FEK colorimeter, as the extinction in a 0°5 cm 
cell, per 125 mg tissue x 1000). 

** Succinic dehydrogenase (Thunberg-Leman method; as percentage methylene blue reduced 

by 125 mg of tissue in 1 min). 


The initial excitation was lost on further irradiation (Fig. 1). Less oxygen was 
consumed (only 50 per cent of the initial amount), though respiration was more frequent 
(Fig. 2). Some organs (liver, heart, kidneys) showed tissue respiration values that 
were back to normal (succinic dehydrogenase reactivated), while others (spleen, testicles, 
medulla oblongata) gave values 40 per cent below normal, with lessened succinic 
dehydrogenase and cytochrome oxidase contents. . 

These differences between the tissues were seen even more clearly in the hydrogen 
tension, which was related to the amount of organic peroxides that had been formed, 
at 1000 and 20,000 r. Resistant tissues (fat, sinew, heart) normally have low hydrogen 
tensions; the tensions increase, and no peroxides were formed, when these tissues 
were irradiated. Sensitive tissues (bone-marrow, spleen, intestinal mucosa, thymus, 


| 
- 
1 
| 
; 
= 
| 
‘ 


I. BiLokonsku' and G. RuSsev. 


TABLE 2. HYDROGEN TENSION CHANGES FOR TISSUES FROM RATS 


Normal 1000 
Organ 
Qu, rH2 | 


Thymus 19-8 | 
Bone marrow 2 | | 18-4 | 
Spleen 6 | +67) 20-7 | 
Intestinal mucosa | ‘2; 20°6 | 
Cortex | 18-6 
White matter . L8-3! 19-9 
Medulla oblongata 20-0 
Liver 20-5 
Kidney 20-5 
Heart ° 18-3 
Sinew 

Retroperitoneal fat 19-0 

Notes: rH» measured electrometrically, 


fresh tissue, 2 ml of a solution 123 mM in NaCl, 25 mM in NaHCOs, 1-25 mN in MgSO, - 7H20, 
1-77 mM in CaCl, and 2-47 mM in KCI, in a hydrogen atmosphere). Increase +, decrease 


testicles) normally have high hydrogen tensions; these tensions fell sharply in pro- 
portion to the peroxides formed) when the tissues were irradiated. 


10 A 6 C 


VY 


8 
7 
6 
J 
4 
J 


min 
Fic. 3. Changes in oxygen consumed (in cm3/min) by protected and unprotected 
rats during irradiation. (A) before irradiation; (B) during irradiation; (C) after 
irradiation. Full line: mean for 20 unprotected rats. Broken line: mean for 20 
rats protected by aminoethylthiuronium. 


The proof that oxidative processes are important in radiobiology is that the dehy- 
drogenase activities of sensitive organs, and the animals’ total oxygen consumptions, 
were not affected by doses of 500 r when cysteine, cysteamine and aminoethylthiuronium 
are given (Fig. 3). 


: 
20,000 
H, rH2 Qu, 
200  —O1 
—358) 18-6 | 46-2 
20-1 | —37-2 
— 200) +31 
—15-0 179 | +2-4 
—12:2) 18-7 | —18-6 
—11-2) 185 | —0-4 
| 29-0 20-3 | —20-9 
— | 203 0-9 a 
-120 174 —1-0 
240 58 vol 
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TABLE 3. ORGANIC PEROXIDES* FORMED IN RAT TISSUES 


Organ _ Normal 1000 r 20,000 r 

Thymus 430 +13 720 +8 905 +58 
Bone marrow 206 +23 742+74 
Spleen 203 +28 339 +16 347 +49 
Intestinal mucosa 250+32 — 479 4-62 
Cortex 337+43 578 +62 313+57 
White matter 281 +22 307 +40 306 +45 
Medulla oblongata 359+40 395 +35 374+45 
Testicles 174+30 326 +46 
Liver 246+5 288 +26 250+31 
Kidney 232+12 210+20 180+18 
Heart 269+18 313415 246+14 
Sinew 330+11 276+10 
Retroperitoneal fat 397 +31 212+48 


* Horgan-Philpot method (aerobic oxidation of leuco-indophenol); extinction in a 0-5 cm of the 
UM-2 spectrophotometer for 500 mg of fresh tissue. 


SUMMARY 


(1) X-ray doses ranging up to 20,000 r caused a sequence of changes in the oxidative 
processes, which were enhanced at 500-1000 r, but which were depressed at higher 
doses. 

(2) The succinic dehydrogenase, cytochrome oxidase, organic peroxides, and rH» 
with the lower doses altered in such a way as to indicate that oxidation occurred in 
all organs; the various organs behaved differently at the higher doses. The sensitive 
organs continued to accumulate oxidized products; the resistant ones ceased to do so, 
because succinic dehydrogenase is reactivated; and the fairly resistant ones behaved 
as did the resistant ones, within the errors of experiment. 

(3) Some protective agents (at low doses) acted by preventing these oxidations 
from occurring during the irradiation. 

Ionizing radiation thus acted like any other damaging agent; it produced first 
an excitation, followed by protective inhibition, but the primary excitation had no 
protective effect. because it is related to lessened dehydrogenase activity [11], and 
to increased oxygen consumption. 


Translated by J. E.S. BRADLEY 
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THE EFFECT OF X-RAYS AND »-RAYS 
ON THE UNILATERAL PERMEABILITY OF FROG SKIN* 


Iu. A. KRIGER and O. M. ZorINA 
Lomonosov State University, Moscow 


(Received 21 July 1958) 


THE contradictions among the results concerning the effect of ionizing radiation on 
cell and tissue permeability, which have been repeatedly commented on in the literature, 
are not illogical [1]. Different radiation sources, and also different doses and intensities, 
have been employed in the various investigations which have been carried out in this 
field. However, a no less substantial reason for the divergence of results is the varied 
nature of the materials studied, with the consequence that the mechanism of disturbance 
of permeability may be different in each case. Thus the increased capillary permeability 
observed during radiation sickness is a direct result of the depolymerization of muco- 
polysaccharides. On the other hand the release of ions from irradiated erythrocytes 
is apparently due to the decay of ion-protein complexes inside the erythrocyte. 

From our viewpoint, studies of permeability changes in response to radiation 
treatment are especially important in those cases where the mechanism of permeation 
of a particular substance has been sufficiently well studied beforehand. In these cases 
the relevant link, which is initially affected by the ionizing radiation, can be clearly 
established. The unilateral permeability of some tissue membranes (frog skin, rabbit 
cornea) to weak electrolytes, and in particular to certain dyes used as acid-alkali indica- 
tors [2], is a phenomenon of this type. 

Unilateral permeability is understood as the passage of a substance predominantly 
in one direction only. According to Rubinshtein, asymmetry of the physicochemical 
properties of tissue membranes (adsorbed level, active reaction, redox potential, etc.). 
conditioning a transformation of the permeating substance from a more diffusible 
to a less diffusible state, lies at the root of this phenomenon. 

Thus the basic stain neutral red permeates through frog skin from the connective 
tissue layers (where, because of its weakly alkaline reaction, most of the molecules 


* Biofizika 4: No. 2, 209-214, 1959. 
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of stain are in an undissociated state) towards the epithelium, in which (owing to 
its acid reaction) the stain molecules are transformed into a dissociated and therefore 
less diffusible state. There is virtually no passage of neutral red in the opposite direction 
(from the epithelium to the connective tissue). The purpose of the present work was 
to establish the effect of general and local irradiation of frogs on the unilateral per- 
meability of the skin to neutral red, using both X-rays and y-rays. 


METHODS 


Skin from the abdonen and hind legs of Rana temporaria males served for experi- 
mental material. Local irradiation of a sector of abdominal skin was carried out using 
an URS-70 X-ray unit. The dose-rate was 1000 r/min; the distance from the source 
was | cm; the voltage was 150 kV, and the current 14 mA. The experimental and 
control animals were kept in tanks in a refrigerator at 5°. Before setting up the experi- 
ment the frog was carefully washed free of mucus in a stream of tap water. Two control 
and two experimental animals were used for each measurement. 

The stain, neutral red, was used to study the permeability and sorption properties 
of the skin membrane. In order to measure the amount of stain passing through the 
skin, pieces of skin were dissected from the abdomen of the frog and stretched over 
the end of a glass tube and the overlapping edges firmly bound to the tube with thread. 
In half of the experiments the skin was tied to the tube in such a way that the morpho- 
logically external surface was the external surface of the cylinder thus formed. In the 
other half the skin bag was. arranged with the connective tissue surface outermost. 
Into each cylinder was poured 1-5 ml of a 0-125/) neutral red solution. The volume 
was made up with a physiological solution of sodium chloride in such a way that the 
level of the stain solution within the cylinder coincided with the fluid level in the box 
to avoid any inequalities in hydrostatic pressure on either side of the membrane. 
The cylinder was covered from above by the lid of the box to.prevent evaporation of 
the stain solution. The experiments were run in an incubator at 24-25° for 3 hr. 
A concentration colourimeter type KOL-1 was used to determine the concentration 
of stain which had passed through the membrane. 

The aqueous solutions of pilocarpine employed in the experiments were used at 
a concentration of 0-1 per cent: the external surface of the skin was treated with these 
solutions for 15 min. The permeability of skin, treated with pilocarpine, was determined 
in the manner described above. 

The sorptive properties of the skin were studied by the method of Nasonov and 
Aleksandrov. The time of saturation of the skin with stain (30 min) was determined 
experimentally. 

The active reaction of the solutions bathing the external and internal skin surfaces 
were determined electrophotometrically using a hydrogen electrode. 

The potential difference (p.d.) between opposite sides of the skin was measured 
in the usual way using platinum electrodes. A galvanometer was used as a null point 
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instrument. The acidity of the solutions adjacent to the external and internal surfaces 
of the skin was determined by microtitration. A solution of 0-001°/) NaOH was used 
for titration. The indicator was an alcohol solution of neutral red. prepared according 
to the formula of Clark and Lubbs. 


EXPERIMENTAL RESULTS 


Permeability change. Nine series of experiments were performed to investigate 
the nature of the change in permeability at different times after treatment with ionizing 
radiation: five involved X-rays — series / at 1250 r, JJ at 1500 r, 7/7 at 1500 r, JV at 
750 r, V at 2900 r (more than 100 animals in all were used); and four series involved 
y-rays (series dose 6000 60 animals). 
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Fic. |. Alteration of skin permeability to neutral red after X-ray and y-ray treatment. 
The time ¢ (in da¥s) is given along the abscissa, and the amount of stain passing 
through (in percentage of the control value) is given along the ordinate. (J) 1250 r; 
(71) 1500 r: (/17) 1500 r; (JV) 750 r; (V) 2900 r (X-rays); (VI, VIII and 1X) 6000 r 
(y-rays). 


The nature of the change in skin permeability was quite similar in all nine series 
(Fig. 1). The experiments showed that the amount of stain which passed from the 
connective tissue surface of the skin to the epithelial surface, measured directly after 
radiation treatment, did not differ from the control value. Some reduction in per- 
meability was observed on the first, second and sometimes the third day, becoming 
progressively greater in extent from th2 first to the third day. On the fourth day an 
increase in permeability, reaching a value of 117 per cent in series V/I, was observed 
in all series. A decline in permeability occurred during the next few days, faster in some 
series (JV-VII) and slower in others (V/II, 1X). Finally the degree of permeability 
returned to normal, and in some cases even dropped below the normal value (series 
1X — on the seventh day; series // — on the I1th day). 
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The most interesting experiments, from our viewpoint, are those where permeability 
change was studied at later periods after irradiation. A second peak in the permeability 
value, occurring after the normal level had been restored, was observed in three series 
of experiments designed for this purpose (J//, /V and V). This secondary increase 
occurred on the ninth, fifteenth and seventeeth days respectively after irradiation and 
reached values of 154 per cent (JV), 275 per cent (V) and 276 per cent (///). In all 
experiments where the skin membrane was orientated with the epithelial surface to 
the stain, it was shown in every case that after irradiation frog skin retains its normal 
inherent unilateral permeability to neutral red in the direction connective tissue to 


epithelium. 
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Fic. 2. The relation between skin permeability and the neutral red sorption level 
(1750 r). The time ¢ (in days) is given along the abscissa, and the quantity of stain 
passing through (/) and the amount sorbed (2) are given along the ordinate (in 
percentage of the control). 


The alteration of the sorptive properties of skin after irradiation. We suggested 
initially that a simultaneous change in the sorptive properties of frog skin was responsible 
for permeability change. It might have been thought that the skin of the experimental 
animals, as a result of its increased sorption level, would have bound a greater amount 
of stain than the control; and correspondingly, that a greater amount of stain would 
pass into the external solution. No marked direct relationship between sorption changes 
and unilateral permeability was observed, however, in the large number of experiments 
in which paralle! determinations were made of the amount of stain bound to the skin 
and of the amount passing through the skin membrane. A slight increase in the amount 
of sorbed stain could be demonstrated in a few series of experiments only, and in these 
cases only during the period corresponding to the first peak of increase in permeability 
(Fig. 2). Thus it was not possible to explain the increased permeability of irradiated 
skin as an increased uptake of material by the skin. Following the theory of membrane 
gradients, developed by Rubinshtein, the possibility remained that the increased 
permeability of skin was conditioned by a change in the active reaction in the skin 
membrane layers. A similar change ought to have caused in turn alteration in the active 
reaction of the solutions bathing the external and internal surfaces of the skin, and 
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thus facilitated transition of the molecules from a more diffusible state to a less diffusible 
state. Either a shift of the active reaction of the epithelium in an acid direction, or 
a shift in the pH of the connective tissue in an alkaline direction, or both, would have 
been expected in the given instance. However the results of measurements showed 
that the active reaction of the solutions bathing the external surface of the skin after 
irradiation was unchanged, and continued to remain at a value around pH 6-°85-6-95. 

On the other hand the active reaction of the solutions adjacent to the connective 
tissue surface changed after irradiation not in an alkaline direction as would have 
been expected on the basis of an increase in permeability, but a matter of 0-1-0-2 pH 
units in an acid direction. This slight shift in pH towards acidity was maintained during 
the first 5-6 days following irradiation, after which the pH returned to its original 
value. It is obvious that this change in pH plays no part in the subsequent course 
of radiation damage in the skin. 


205 45 50 55 BO OS 


“al 


15 


Fic. 3. The decline of the difference in potentials (PD, mV) of isolated skin with 
time. The solid line and the points represent the control; the broken line and the 
crosses represent irradiated (1500 r) skin. The value ¢ corresponds to the time (in 
minutes) from the beginning of the experiment. 


Measurement of the difference in potentials between the epithelial and connective 
tissue layers of the skin of normal and irradiated animals showed that, directly following 
irradiation, the rate of fallin skin potential differences was no different from the control 
rate. However in the first few days after irradiation the rate of fall of the p.d. of 
isolated skin markedly increased at a certain point in comparison with the control 
(Fig. 3). These results are thus indirectly indicative of the suppression of metabolic 
processes connected with maintaining a difference in skin potentials, in the case of 
irradiated skin. Hence the gradients of the physicochemical parameters of the skin 
membrane, which can be related to permeability increase, either were completely 
unaltered, or were altered in a direction opposite from that expected. Obviously 
permeability increase is connected with changes in some other properties of the skin 
membrane. In this situation the two most acceptable hypotheses seemed to be the 
following: (1) temporary acidosis of the connective tissue loosens it up, i.e. increases 
intermicellar distances and at the same time eases the passage of substances through 
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the skin; (2) irradiation stimulates the activity of the cutaneous glands which actively 
secrete the stain into the external medium and permeability is in effect increased. 

The first hypothesis is scarcely tenable since the stain molecules are so small that 
they can pass freely through the connective tissue even in the case of unirradiated skin. 
Consequently an increase in intermicellar distances (if it in fact occurred) could hardly 
account for increased permeability. 

In order to test the second hypothesis we compared the secretory activity of the 
cutaneous glands of control and irradiated animals. For this purpose the solutions 
bathing the epithelial surface of skin from irradiated and control animals were titrated 
against 0-01 N NaOH. The results confirmed the correctness of this hypothesis. 
After irradiation the titrated acidity of the solution bathing the external surface of 
the skin was twice as great. It remained to determine whether the activity of the glands 
in fact affected the yield of stain from the skin. For this purpose a special series of 
experiments was arranged, in which a study was made of the effect of pilocarpine 
(a substance known to stimulate the activity of cutaneous glands) on unilateral permea- 
bility of the skin to neutral red. After preliminary treatment of the skin with pilocarpine, 
according to the procedure described earlier, permeability to neutral red was simulta- 
neously increased by 35-57 per cent in comparison with the control. From this, the 
participation of cutaneous glands in the secretion of stain, bound by the skin, seems 
to us to be very probable. 


DISCUSSION 


As the experiments described above have shown, general and local irradiation of 
frogs does not eliminate unilateral skin permeability to neutral red nor disturb the 
direction of permeability. Irradiation, however, caused a transient increase in the 
unilateral permeability of the skin in the direction connective tissue to epithelium. 
Such an increase, in all probability, could have been due to a number of causes: (1) an 
increased rate of uptake of the stain by the skin as a result of an alkaline shift of the pH 
of the connective tissue (i.e. an increase in the number of undissociated molecules); 
(2) an increase in the sorption capacity level of the skin (paranecrotic reaction); and 
(3) an increased rate of release of stain into the solution bathing the skin on the epithelial 
side. 

The first of the possible explanations, however, can be dropped since the active 
reaction of the solution adjacent to the connective tissue altered, as we have seen, 
in an acid direction instead of an alkaline direction. This type of change in the active 
reaction, in all probability, was due to incomplete oxidation of carbohydrates and 
a resultant accumulation of lactic acid in the connective tissue [5]. In such a treatment 
of the problem, the tissue acidosis observed by us inevitably ought to have affected 
the magnitude of the difference in potentials between external and internal skin surfaces 
directly related to the pH asymmetry. This was found to be so in as much as the 
stationary difference in the potentials of the skin of irradiated animals decreased with 
time at a faster rate than in the control. 


| 
4 
lie 
© | 
, | 
| | | 
| | 
: 
| 
| 
| 
| 
| 
| 
: 
> 
| 


lu. A. KriGer and O. M. Zorina 


The second hypothesis above was refuted by the experimental results. It remained 
to test the correctness of the third of the suggested hypotheses according to which 
permeability increase was due to an increased release of stain. The increased titration 
acidity of the solution bathing the epithelium (i.e. an increase in the amount of material 
secreted into the external medium by the skin) was evidence in support of its correctness. 
It was thus left to prove that secretion was the mechanism responsible for the release 
of stain from the skin, and that the secretory work of the glands was increased after 
irradiation. 

Besides the existence of a relation between the amount of stain passing through 
the skin and the titrated value of the acidity of the solution bathing the epithelial surface 
of the skin, there were other results, as we have seen, which favour the participation 
of osmotic work in the unilateral movement of stain. The increased passage of stain 
after treatment of the skin with pilocarpine, i.e. with a substance known to stimulate 
the secretory activity of cutaneous glands, is one such. 

At the present time it is difficult to say whether the enhanced secretion after irra- 
diation is a direct response to a temporary disturbance of the active reaction in the 
connective tissue. A connexion of this sort, however, is extremely probable. 


SUMMARY 


(1) Total irradiation of Rana temporaria with y-rays from radioactive cobalt (Co, 
at a dose of 6000 r) or local irradiation of sectors of abdominal skin using X-rays 
(at doses up to 2900 r) did not alter the unilateral permeability of the skin to neutral 


red. 

(2) In the period following irradiation a change was observed in the degree of 
permeability, which was transient in nature. 

(3) The change in the degree of skin permeability following irradiation was not 
in any way related to a change in sorption level; the latter remained virtually constant 
for a long period following irradiation. It was not directly dependent on shifts in the 
active reaction of the solutions bathing either the external or internal surface of the 
skin. The increased unilateral permeability of radiation-damaged skin likewise could 
not be explained by an alteration of the potential difference between both sides of 
the skin. 

(4) The cause of the increased unilateral permeability of the skin after irradiation 
evidently was an increase in the secretory activity of the cutaneous glands. 


Translated by C. R. PRINGLE 
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A STUDY OF THE MECHANISM OF RADIATION ‘“‘AFTER 
EFFECT” IN PROTEINS* 
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THE phenomenon of “after effect’? in the irradiation of biological materials with 
ionizing radiations has been observed in many cases. In the case of in vitro treatment 
of macromolecules of biological origin (enzymes, etc.) [1-11] and a number of other 
biological materials [12-18], it has been observed that the damage caused by radiation 
continues to increase even after cessation of treatment. This is the most clear-cut 
manifestation of radiation “after effect’’. 

It can also be observed, however, in the greater sensitivity of irradiated materials 
to additional external agents. Thus protein macromolecules, which have been irradiated 
but which have not lost their native properties as a result, as a rule are less resistant 
to postradiation temperature changes, and alterations of the pH of the medium, etc., 
than unirradiated material. This physicochemical “after effect’’ is evidently the result 
of the structural peculiarities of macromolecules and is not observed when substances 
of low molecular weight are irradiated [19]. 

Comparison of the nature of the “after effect’’ reaction in experimental models 
and in living material [20] suggests that the course of radiation sickness in living 
organisms is dependent not only on physiological factors, but also on the physico- 
chemical “after effect”’ in biologically important macromolecular systems. It is extremely 
difficult to isolate the physical processes of “after effect”? in radiation sickness, and 
as a consequence the “after effect’? phenomenon is studied mainly in experimental 
models. 

The results of such experiments can be applied to in vivo conditions to a greater 
or lesser extent, depending on the nature of the in vitro processes studied. The results 
of experiments of this kind, which were conducted for the purpose of studying radiation 
“after effect’? in proteins, are presented below and the possible causes of this pheno- 
menon are analysed. 


EXPERIMENTAL METHODS AND RESULTS 

Solutions of myosin in 0-5 M KCI were used as experimental material. The myosin 
was obtained from rabbit muscle by Liubimova’s method. Reduction of adenosine 
triphosphatase activity (A), as determined by the amount of inorganic phosphorus 


* Biofizika 4: No. 2, 215-222, 1959. 
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split from ATP when the latter was incubated with the protein in borate buffer (pH 9-2), 
was used as a criterion of the extent of denaturation of the enzyme. The solutions 
of myosin were treated with X-rays (80 kV; 20 mA; 0-155 mm Al) and with y-rays 
(Co®).* Both types of radiation behaved in an analogous manner, and the results 
in both cases led to identical conclusions. All operations with the protein were carried 
out in the cold. Myosin solutions are inactivated by radiation treatment. The relation 
of loss of enzymatic activity to radiation dose is close to exponential. The degree of 
inactivation is inversely proportional to the concentration of protein in the solution. 
This is an indication that in the given conditions the effect is due mainly to the indirect 
action of the radiation. 
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Fic. 1. The character of the “after effect’ following irradiation of a myosin solution. (A) enzymatic 
activity; ({A]) activity directly after irradiation; ({[Ag) the level of activity after an additional 
thermal effect (20-25°); (t) the length of incubation. 

Fic. 2. The relation of the size of the radiation “after effect’? to the degree of direct inactivation 
during irradiation. (A and [A]) the activity of intact and irradiated protein; ([{D]g) the total 
“after effect’’ (see Fig, 1). 


Radiation “after effect’’ was determined also in the case of inactivation of irradiated 
solutions in combination with an additional thermal effect in a temperature range 
from 5 to 25°. At these temperatures there is virtually no inactivation of unirradiated 
protein, and consequently loss of activity is the result of radiation “after effect’’. 

A study was made of the thermal inactivation of irradiated protein when incubated 
at various temperatures. It was found that activity was virtually unchanged over 
a period of several days, when the irradiated solutions were kept in the cold (2-3°): 
the index of inactivation ({A]) was maintained at the value obtained directly as a result 


* An IFKh apparatus of the Academy of Sciences of the U.S.S.R. was used for X-ray treatment 
and a GU6E-600 unit of the Institute of Biological Physics of the Academy of Sciences for y-ray 
treatment. 
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of the radiation dose employed. During incubation of the same protein at a temperature 
of 20-25° additional inactivation occurred for a period of a few hours, after which 
the newly attained level of activity ({A,]) remained unchanged (Fig. 1). At intermediate 
incubation temperatures (5-20°) the rate of approach to this level is slower, but its 
value is the same. Thus the proportion of activity lost due to “after effect’’ is dependent 
only on the radiation dose, and its amount (relative to the activity [A] remaining 
after irradiation) increases proportionately to the radiation inactivation value. The 
greater the loss of activity directly due to irradiation, the greater the latent damage 
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Fic. 3. The kinetics of the thermal inactivation of intact myosin. (A) enzymatic 
activity; (¢) time of incubation; the circles represent a protein concentration of 
0-63 mg/ml, and the other symbols a concentration of 4 mg/ml. 


to the fraction of the enzyme remaining active (Fig. 2). The value D,/[A] = [A] — 
— [Ag]/[A] represents the amount of activity lost due to “after effect’’. If the total 
“after effect’’ is taken as 100 per cent and the intermediate values of the degree of 
inactivation for different temperatures and incubation times are related to it, the nature 
of the temperature dependency of the reaction responsible for radiation “after effect’ 
can be determined. It was found that this reaction is related exponentially to time, 
the index depending on the temperature. 

Using Arrhenius’s equation, the activation energy of inactivation due to “after 
effect’’ can be determined by the change of the rate of the reaction with temperature, 
and it can be compared with the corresponding value for intact protein. For this purpose, 
the thermal inactivation of intact myosin was studied, as well as the “after effect” 
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inactivation of proteins treated with different doses of radiation. It likewise is an 
exponential relationship (Fig. 3).* 

The relation of the logarithm of the reaction rate constants (in conventional units) 
to the reciprocal of the absolute incubation temperature for thermal inactivation of 
irradiated myosin, and also for those fractions of the irradiated proteins which are 
exposed to “after effect’’, is given in Fig. 4. The corresponding values for the energy 
of activation are given in Table 1. 
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Fic. 4. The dependence of the rate of thermal inactivation of myosin on the tempera- 
ture of incubation. The logarithm of the rate constants are given along the ordinate 
and the reciprocal of the absolute temperature along the abscissa. (/-7) the “after 
effect’ reaction of proteins irradiated at different doses (corresponding to the num- 
bering of the experiments given in Table 1). (8) the thermal inactivation of unir- 
radiated myosin. 


The thermal inactivation of intact myosin, as in the case of other proteins, is 
characterized by a high activation energy (77 kcal/mole), the value of which in our 
experiments did not depend on the concentration of the protein when this was changed 
from 0-63 to 4 mg/ml. The energy of activation of the “after effect’’ reaction is several 
times lower, and, what is more important, it is not dependent on dose, nor consequently 


on D.. 


* The time required for the incubated tubes of protein to reach the given temperature was taken 
into account in constructing the kinetic curves. 
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As can be seen from Table 1, this energy is virtually independent of the concentration 
of the irradiated enzyme. The rate of the “after effect” reaction also is independent 
of the concentration of the incubated protein. The addition of sodium caprylate, 
a substance with an anti-aggregating property [21], had no effect on it. This can be 
seen from Table 2, in which are given the results of an experiment on the thermal 
inactivation of myosin, irradiated at a concentration of 4 mg/ml (with a 32 per cent 
loss of activity during irradiation) and incubated at different dilutions after irradiation. 


TABLE |. ACTIVATION ENERGY FOR THERMAL INACTIVATION OF IRRADIATED ENZYME 


Radiation 

damage percen- Concentration of 
tage (loss of Type of radiation | Protein in the 
experiment solution (cal/mole) 

(mg/ml) 


activity) 


20 ye-rays 14,5004 700 
2 29 y-Tays 0-63 13,500+- 300 
3 49 X-rays 4 12,2004- 300 
4 61 y-rays 4 13,400 + 1800 
5 64 X-rays 4 12,400 + 1400 
6 72 X-rays 4 10,200-+- 500 
7 81 y-rays 4 13,800 + 1800 
8 Average value 12,800 +- 1400 
8 0 4 and 0-63 77,000 


TABLE 2. EFFECT OF SODIUM CAPRYLATE ON THE THERMAL INACTIVATION OF IRRADIATED ENZYME 


: 0-005 M The activity of irradiated protein in percentage of the 
Length of incubation 


caprylate 4 mg/ml 2 mg/ml 1 mg/ml mg/m! 
3 66 62 64 59 
3 - 64 67 58 
6 55-5 55:5 56 38 
6 49 


The Radiation “After Effect” in Globular Proteins 


Many of the regularities in radiation “after effect’’ listed above are not specific 
for myosin, but are observed also when other proteins are irradiated. This is attested 
by the published results of a number of authors, who have investigated the “after 
effect’”” phenomenon in the case of X- or ultra-violet-irradiation of solutions of trypsin 
[6], pepsin [7] and egg albumin [2]. 

The authors of these papers did not determine the activation energy of the “after 
effect’’ reaction; however, numerical data were given, characterizing this phenomenon. 
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If the figures given are treated in the manner outlined above, in a number of cases 
the effect connected with “after effect’’ can be isolated, and the temperature dependence 
of the corresponding rate of inactivation and the activation energy of this reaction 
can be determined. In the case of trypsin and egg albumin the figures given enable 
us to do this sufficiently accurately. Postradiation inactivation of trypsin solutions 
behaves as a monomolecular reaction and its rate is independent of enzyme concen- 
tration. Using the figures given, a value AE=13,000+.1800 cal/mole is obtained for 
the energy of activation in “after effect’’, while for intact trypsin this value 
is 40,000 cal/mole [22]. 

The results published on the radiation inactivation of pepsin [7] are less complete 
and precise as those in the case of trypsin. The author shows that the rate of inactivation 
of pepsin in radiation “after effect’’ is independent of protein concentration, and our 
treatment of the figures indicates that the reaction is monomolecular. The AE value 
is 13,900-16,700 cal/mole. The activation barrier for the thermal inactivation of intact 
pepsin is 56 kcal/mole [22, 23]. 

Finally the phenomenon of radiation “after effect’? was also observed, with the 
same kinetic features as for myosin (Fig. 1 and 2), in the case of denaturation of egg 
albumin by ultra-violet-rays [2].* It follows from the results given by the author 
that the “after effect’? reaction in egg albumin has an exponential relation to time, 
the index varying with temperature in such a way as to yield the value AE=37,000-+- 

+700 cal/mole. The thermal denaturation of unirradiated egg albumin, as in the case 
of trypsin, myosin and pepsin, is characterized by a value for AE several times larger 
(100-130 kcal/mole [22)). 

The values given here for the energy of activation in the radiation “after effect’’ 
of different proteins relate to irradiation at some fixed dose. Unfortunately in the 
work examined here there are no results which would permit comparison of the energy 
of activation of “after effect’’ at different doses, as has been done by us for myosin. 
The analysis of the published results given here indicates the similarity of the mechanism 
of radiation “after effect’’ in different proteins. 


DISCUSSION 


The phenomenon of radiation “after effect’’ in the irradiation of protein solutions 
can have various causes. One possibility is a reduction in the energetic barrier to 
denaturation (inactivation) resulting from partial damage by radiation of the system 
of hydrogen bonds linking the protein molecule [24]. In this case it is suggested that 
the molecule is partially damaged directly during irradiation. Its activity remains, 
however, and inactivation only occurs following an additional thermal effect which 
increases the damage to a threshold value corresponding to denaturation (inactivation) 
of the molecule. The increasing total “after effect’’ with increasing dose (Fig. 1 and 2) 


* Contrary to the other enzymes listed above, protein denaturation in this case was measured by 
precipitation. 
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can be explained, in terms of this theory, either as an increase in the degree of damage 
of each of the partially damaged molecules, or as an increase in their number. 

In the first instance the magnitude of the energetic barrier to inactivation in the 
case of “after effect’? should fall steadily as the dose increases. However, this was 
not in fact observed, as our experiments with myosin have shown. The value AE does 
not depend on dose (Table 1). 

In the second instance the experimental results can be explained if it is assumed 
that the amount of damage is the same for all partially damaged molecules, and that 
approximately 13 kcal/mole, for myosin in particular, are required to overcome the 
remaining activation barrier in order to reduce it to the threshold value for inactivation. 
If in accordance with accepted conceptions of the structure of protein molecules [25] 
it is assumed that approximately 20 hydrogen bands (reckoning 5 kcal/mole for each 
bond) are broken during heat inactivation of intact myosin, then partial radiation 
damage of a molecule, in terms of this hypothesis, can be depicted in the following 
manner: twelve to thirteen hydrogen bonds are always broken directly during irradia- 
tion; however inactivation does not occur until a further two to three hydrogen bonds, 
corresponding to an energy value of approximately 13 kcal/mole, are broken. A state 
of this sort involving two to three isolated hydrogen bonds is not in agreement with 
modern conceptions of the structure of protein molecules, and as a consequence this 
mechanism of radiation “after effect’ seems to us to be very improbable. The virtual 
equality of the values for AF (approx. 13 kcal/mole), characterizing the postradiation 
inactivation of such different enzymes as trypsin, pepsin and myosin, makes this explana- 
tion of the radiation “after effect’? mechanism even more unlikely. The low value of 
the activation energy in addition excludes any possibility of explaining “after effect” 
as the result of breakage of covalent bonds of the disulphide bridge type. The activation 
energy of the radiation “after effect’? evidently represents some process other than 
inactivation by the additional disruption of a few intramolecular hydrogen bonds. 

Another possible cause of radiation “after effect’’ might be the aggregation of 
partially denatured molecules. In this case the “after effect” activation energy observed 
by us might relate to the intermolecular aggregation of denatured portions of molecules, 
accompanied by some additional loss in enzymatic activity. However, the kinetics 
of such an agregation must be subject to the rules of intermolecular reactions. In 
connexion with this, experiments were undertaken by us to determine the order of 
the “after effect’’ reaction, the relation of the rate of the reaction to the enzyme concen- 
tration, etc. All these, as well as the published results quoted, indicate that the “after 
effect’’ process, which is characterized by a low activation energy, is not connected 
with the aggregation of partially denatured molecules. 

In the case of a greatly extended myosin molecule the possibility of “aggregation” 
of two denatured parts of the same partially damaged molecule is not excluded. It is 
as though coagulation of the molecule occurs as a result of the additional thermal 
effect. Our kinetic data could be made to agree with such a mechanism which is 
feasible in the case of fibrous molecules. At the same time, it is true, it could be consid- 
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ered that intermolecular aggregation of denatured parts of different molecules for 
any reason does not happen or is of little significance in comparison with molecular 
coagulation. However, analysis of this phenomenon in globular proteins, where a 
similar coagulation of molecules cannot be expected, excludes any possibility of ex- 
plaining the mechanism of radiation “after effect’ in this way. 


Thus radiation “after effect’? does not result from any form of aggregation of 
partially denatured protein molecules. 


In order to explain the phenomenon of “after effect’ it can be suggesed that as 
a result of irradiation a number of molecules, although still retaining their enzymatic 
activity, are transformed into some form of persistent “excited”’ state. The activation 
energy for the “de-excitation”’ of this state is not great, but inactivation of the enzyme 
follows as a result. The altered total “after effect’’ in relation to dose can be explained 
in this case both as an alteration in the number of “excited’’ molecules, and as an 
alteration in the number of independent centres of excitation in each molecule (Fig. 2). 
The same activation energy of “de-excitation’’ must be supplied in both cases to allow 
the process leading to inactivation to proceed. It is possible that only the “trigger 
mechanism” of the denaturation process leading to loss of enzymatic activity, is 
activated in this instance. 


The existence of persistent “excited’’ states in irradiated protein has been pointed 
out by us earlier [20, 26]. The nature of this “excitation”’ is not quite clear, but possibly 
it is connected with disturbance of the electron structure of the irradiated material. * 


Some indication can be given of the possible role in “after effect’’ of processes 
concerned with the ordered layers of water, which surround macromolecules in solution. 
The existence of these envelopes can be demonstrated experimentally by various 
physical methods [28, 29]. It cannot be excluded that “de-excitation’’ may be brought 
about by energy migration in the ordered structure of the surrounding water+. The 
possible formation of paths of conductivity in the structure of ice has already been 
examined by Ril’ [31]. It was shown by him that the energy of activation of the reorien- 
tation of water molecules —a process involved in energy migration in ice —is 
13 kcal/mole. This value coincides with that of the activation energy of the radiation 
“after effect’’ in the three proteins analysed by us — myosin, trypsin and pepsin. 
This circumstance is evidence in favour of the hypothesis advanced above. 


SUMMARY 


(1) The phenomenon of radiation “after effect’’ was observed following irradiation 
of solutions of myosin with ionizing radiations. 


* The results of a recent study of irradiated barley embryos by an electron paramagnetic resonance 
method, support this hypothesis [27]. A marked and prolonged increase in the amplitude of the reso- 
nance peak during irradiation was demonstrated. 

+ A similar mechanism was recently suggested to explain the interaction of sulphydryl compounds 
with a protein molecule [30]. 
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retain their activity after irradiation was proportional to the degree of direct inactivation 
of the enzyme during irradiation. 

(3) Study of the kinetics of thermal inactivation of irradiated solutions of myosin 
indicated that the “after effect’’ reaction was intramolecular in character. 

(4) The activation energy of “after effect’? (postradiation thermal inactivation) 
in irradiated myosin (approximately 13 kcal/mole) was markedly different from the 
activation energy of thermal inactivation of unirradiated protein (77 kcal/mole) and 
was not dependent on dose. 


egg albumin indicates the similarity of the mechanism of radiation “after effect’’ in 
different proteins. 


in proteins have been analysed on the basis of the experimental results obtained. 
The experimental results are in agreement with a theory involving induction of special 
persistant “excited’’ states of the protein molecule during irradiation, characterized 
by a low activation energy of thermal inactivation. A hypothesis is put forward con- 
cerning the possible role of macromolecular ordered structure in water in the mechanism 
of radiation inactivation of enzymes. 


E. B. Kofman for their valuable observations and discussion of the results obtained. 
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The Mechanism of Radiation “After Effect’’ in Proteins 


(2) The magnitude of “after effect’’ in the fraction of the protein molecules which 


(5) Analysis of published data on radiation “after effect’’ in trypsin, pepsin and 


(6) Different possible explanations of the mechanism of radiation “after effect” 


The authors wish to express their gratitude to Prof. A.G. Pasynskii and 


Translated by C. R. PRINGLE 
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RELATION OF RECOVERY AFTER IRRADIATION 
TO TEMPERATURE, OXYGEN TENSION AND . 
CONCENTRATION OF CELL SUSPENSION* 4 

V. 1. KoroGopin, B. N. TARUsOV and A. KH. TAMBIEV : 
Faculty of Soil Biology, Lomonosov State University, Moscow E 


(Received 28 May 1958) 


Ir has been shown that the biological effects of ionizing radiations depend on the 
irradiation conditions and on the dose-rate; the cause is that the organism reacts 
in such a way as to avert in part the radiation’s effects [1-3]. Any damage that results 
is caused by competition between two simultaneous sets of physico-chemically distinct 
reactions. If conditions alter so as to increase the rate of the recovery processes, it 
can happen that the damage is much lessened, or that the organism can recover comple- 
tely even from lethal doses. This may explain why post-irradiation hypothermia [4] 
assists recovery. 

One of us has found that irradiated yeast cells recover when they are incubated 
on a non-nutritive medium [5]. The lessened metabolic activity largely inhibits deve- 
loping damage, but does not interfere with recovery. We have used this effect to study 
how recovery depends on the temperature, on the oxygen tension, and on the concen- 
tration of the cell suspension. 


METHODS AND RESULTS 

We used Saccharomyces vini, Megri-139-B strain. The cultures used grown for 
48 hr on wort agar at 30°C. The cells were irradiated as a deposit on filter paper, or 
in suspension in water (10° cells/ml). A GUT-400 y-ray source gave a dose-rate of 


* Biofizika 4: No. 2, 224-227, 1959. 
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1070 r/min. Cells that had been irradiated on the paper were incubated at 30°C either 
in a humidified chamber, or in sterile tap water (104 cells/ml — to study the effects 
of concentration), or at 30°C, 15°C and 1°C suspended in water (effects of temperature). 
Cells were also irradiated in suspension (10! cells/ml) in sealed vessels that contained 
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Fic. 1. Recovery in irradiated yeast cells. (a) Packed cells, (b) dilute suspension 
(104 cells/ml). S = Viability. 

Fic. 2. Recovery in irradiated yeast cells as a function of temperature 0, 40 k; A, 

60 kr: S = viability. 


various oxygen tensions, and were then incubated at 30°C. The cells were assayed 
for viability by culturing them at intervals on nutritive agar; the microcolonies were 
Figs. 1-3 show the results. 


then examined [6]. 


4 


“0 1 2 30 50 60 80 9% 00 
hr 


Fic. 3. Recovery in irradiated yeast cells as a function of oxygen tension. A, | mm Hg; 
0, 150 mm Hg; ©, 760 mm Hg. S = viability. Dose 60 kr. 


Fig. 1 shows that recovery is affected when the cells are made into dilute suspensions 
only when high doses have been given. At a dose (32 kr) that caused 22 per cent 
inactivation, the concentration had no effect on the recovery rate, while at LDso 
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(64 kr) the rates did not differ by more than the experimental error. For doses near 
the absolutely lethal value (96 kr), recovery rates for dilute suspensions were nearly 
twice those for packed cells. The plateau on the recovery curve fell as the dose was 
raised. The cells also recovered less rapidly and less completely at low temperatures 
(Fig. 2); the effect is the more marked the lower the temperature and the higher the 
dose. At 40 kr there was little difference between 30°C and 15°C incubations, but 
1°C gave a large change; at 60 kr there was a marked difference even between 30 and 
15°C. This effect must be allowed for when one is relating radiation effects to metabolic 
rate; temperature affects division and recovery in like ways, and so any relation between 
the two latter may be concealed. 

Fig. 3 shows the effects of oxygen tension; the results show a large scatter, so the 
data are given for each measurement. The differences between the effects of equal 
doses were here caused by variations in the packing densities during the irradiations. 
Oxygen affects recovery only when it is present at a partial pressure of 760 mm Hg; 
it accelerates recovery somewhat. 


DISCUSSION 


The resting cells may recover because reactions caused by the damage are largely 
inhibited when the metabolic rate is low, and because toxic products produced by 
the radiation are destroyed. The fact that the metabolic rate is related to the rates 
and directions of these changes indicates that peroxides, or radicals that result from 


them, play a large part in radiation damage. 

Oxidations occur with organic compounds only if the compounds contain peroxides 
before irradiation. Zhurala (quoted by Tarusov [7]) has found that the radiosensi- 
tivities of lipids and initial peroxide numbers are closely related. It is hard to initiate 
chain oxidations if the initial centres are absent. We may encounter like effects in 
living cells. 

We propose the following explanation for the effects of external conditions on 
recovery rates. We have already shown [7] that the mortality peaks found by various 
workers [6, 8-10] may be caused by primary reactions that have different kinetic 
parameters. This may mean that different damage processes may predominate at 
the various doses we have used, and that the recovery processes are also different. 
This may be the reason why recovery is more rapid in dilute suspensions when the 
dose is of the order of 10° r: the effect is not seen at low doses (Fig. 1). Some of 
the primary products may be eluted from the cell in the first case, whereas the products 
may be entirely disposed of within the cell in the second. Recovery has a higher tem- 
perature coefficient at the higher doses (Fig. 2); this indicates that the irradiated cells 
contain at least two types of product, each of which causes damage, and that there 
are at least two recovery processes. The oxygen tests (Fig. 3) show that at least one 
of these processes is an oxidation. 
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SUMMARY 

It has been found that the effects of temperature, oxygen tension, and concen- 
tration of cell suspension can each be expressed by a separate function of irradiation 
dose when resting yeast cells are used. 


Translated by J. E. S. BRADLEY 
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METHODS AND APPARATUS 


APPARATUS WITH SEMICONDUCTOR DETECTORS FOR 
AUTOMATIC MEASUREMENT AND RECORDING OF 
CAVITY AND SKIN TEMPERATURES* 


P. I. Itskov 


Kirov Military Medical Academy, Leningrad 


(Received 3 April 1958) 


THE measurement of temperature is of considerable theoretical and practical importance 
for elucidation of a number of physiological and pathological problems. A knowledge 
of the temperature distribution of the body (temperature topography) is usually of 
significance for the working out of methods of functional diagnosis. A study of cavity 
temperature (in the stomach) and its comparison with surface temperature may be 
shown to be a definite factor in deciding the nature of a so-called prolonged subfebrility. 
However, up to the present there has been an absence of apparatus suitable for this 
purpose — particularly of apparatus for automatic recording of temperature measurement 
on paper. 


* Biozifika 4: No. 2, 228-232, 1959. 


| 
ie 
1 
| | | 
= 
: : 
: 
‘4 
A 


P. 1. Itskov 


In medical practice the greatest expansion has been in electrophysiological methods 
of investigation and the development of electrophysiological technique opens up 
immense possibilities. However, since many doctors have little acquaintance with 
them, these possibilities have not been sufficiently explored. 


We can consider electrothermometric methods of study in this light. Resistance 
thermometers have already been used for a long time for measurement of body tem- 
perature. However thermometers of this type have not been widely accepted since 
they have a low temperature coefficient and a high inertia. In recent years, a number 
of reports have appeared in the technical scientific literature indicating the possibilities 
of using some semiconductors for resistance thermometers. Certain metallic oxides 
(semiconductors) are used for this purpose and, in contrast to the pure metals, have 
a high negative resistance temperature coefficient in the region of room temperature 
(The resistance temperature coefficient is the ratio of the magnitude of the change 
in resistance of the conductor on heating it by 1° to the magnitude of the primary 
resistance of the conductor at 0°). According to data of Kolomiets and Sheftel the 
value can be 3 per cent and more per degree. Resistances manufactured from such 
oxides have been given the name _ thermistors. 

A number of articles have appeared in the technical literature in which the physi- 
cal properties of thermistors and their possible fields of application are analysed. 
As data of other investigations of Kolomiets and Sheftel have shown, semiconductor 
resistance thermometers have a number of essential advantages compared with metallic. 
In the first place, as mentioned above, they have a high resistance temperature coefficient 
and, secondly, owing to the low conductivity of the semiconductor (103 2°! cm™!) 
offer the possibility of making thermometers of high ohmic resistance. 


The properties indicated permit the wider use of thermistors in medical practice. 
However, the majority of the investigations, as stressed by Gorelik and Gersht, have 
not been brought to the state required for technical construction of apparatus. This 
comment applies particularly to the construction of medical apparatus. 


The apparatus described here which was constructed in collaboration with Engineers 
N. N. Maksimov and Kh. S. Goshtein, consists of an automatic electronic bridge 
with semiconductors designed for continuous visual measurement of cavity (stomach) 
and skin temperature of the body with simultaneous automatic recording of the tem- 
perature on graph paper. 

Semiconductor thermistors are used as temperature detectors in the apparatus. 
Three detectors (contact, axilla, stomach) enter into the construction of the apparatus. 
In view of the fact that manufactured thermistors are not interchangeable, an inter- 
changeable condenser was used and inserted between the thermistor and the input 
of the measuring system (the circuit of which may be calculated according to the method 
worked out by the Leningrad Technical Institute for the Refrigeration Industry). 


The measuring circuit of the apparatus consists of an automatic bridge assembly 
(Fig. 1). The detector element R,, the resistance of which changes according to the 
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magnitude of the temperature measured, is included in one of the arms of the bridge, 
via an interchangeable circuit. Resistances R,, R2, R3; are fixed arms of the bridge. 
There is a slide wire potentiometer R, between the fixed resistance and the detector. 
Parallel to the potentiometer there is a shunt resistance R,, which serves to adjust 
the scale for tuning up the apparatus. Across the points A and B of the bridge there 
is 1-5 V led in via a supplementary resistance R,,,,._ The supplementary resistance is 
included so that the maximum current through the thermistor does not exceed 50 wA. 
Between the points C and D of the bridge there is a null indicator — an electronic 
amplifier which controls the working of an asynchronous reversible motor which 
drives the bridge to equilibrium by displacing the potentiometer slide. 


o 


Fic. 1. 


With the output value fixed for equilibrium of the bridge, the deflexion angle of 
the potentiometer is given by the distance between the start (K) and the point at which 
the slide of the potentiometer is situated (D). 

One of the three detectors (toskin, axilla or stomach, R,, R, or R,) is included 
in the apparatus in turn with the aid of a switch to the apparatus. On measuring 
average temperatures, equilibrium of the bridge circuit is disturbed and an out-of- 
balance voltage appears in the diagonal of the bridge. This out-of balance voltage 
is converted to a variable current of frequency 50 c/s by a vibrotransformer (or a 
modulator on the semiconductor triodes of type P6A) after which it is fed to the amplifier 
and then to the reversible asynchronous motor PD-09. The reversible motor turns 
until receiving a signal indicating equilibrium in the measuring assembly. A lever 
is fixed on the axis of the motor and is moved by the contact roller of the potentio- 
meter to the equilibrium side of the measuring assembly. The motor PD-09, is connected 
by a flexible thread (capron) to a carriage on which is fixed a pen recorder. The recorder, 
together with the carriage, travels along a scale which is graduated in degrees centigrade. 
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Since each value of the resistance of the detector (thermistor) corresponds to a definite 
position of the contact roller on the potentiometer and vice versa the recorder shows 
the temperature measured by the detector at a given moment. 


em 
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Fic. 2. Principal circuit of automatic electrical bridge for measuring internal and 
skin temperatures. B2—B5 — germanium rectifiers DGTs-27; B/ — selenium rectifier 
(ABC-25-22); BP — vibrotransformer; LC/—LC3 — signal lamps (28 V; 0-1 A); 
Li, L2—valves (6H9C); L3, L4— valves (6H7C); M/, M2 — electromagnets; 
R/ — slide wire potentiometer; R2—constant resistance wire (116-2+0-1 {); 
R3 — constant resistance wire (316-2+0-1 Q); R4— constant resistance wire (603 + 
0-5 Q); R7 — resistance (5-1 kQ+-10 per cent); R8, RY — constant resistance wires 
(1500-+-0°1 ©); R29 — resistance (22 kQ+10 per cent); R/O — constant resistance 
wire (972+1 Q); R// —constant resistance wire R/2— constant 
resistance wire (1682+-1 (2); R20 — resistance (51 kQ) +10 per cent); R/6 — resistance 
(10k0Q2+ 10 per cent); R/7, R19, R2/, R22 and R24 — resistances (1 MQ +10 per cent); 
R18 — resistance (150 kQ + 10 per cent); R23 — variable resistance (1 MQ); R25—R28, 
R15 — resistances (100 kQ + 10 per cent); Ry — skin detector; Ry — axillar detector; 
R,; — stomach detector; C/ — condenser (0-015 uF; 400 V); C2, C5, C8 and C9 — 
condensers (0-05 «F; 400 V); C3 — condenser (20 uF; 30 V); C4, C6 and C7 - 

condensers (10 «F; 450 V) C/O and C// — condensers (1 «F; 1000 V); 7Tr-7 — power 
transformer; 7r-2 transformer; Pr—fuse (1 A); T/ and 72-— switches; P/ — 

changeover switch (SP4N). 


On altering the temperature at the detector, the motor immediately reacts to bring 
the measuring assembly equilibrium into. Owing to the amplification, the signal is 
perceptible immediately and the asynchronous motor is instantly put into action, i.e. 
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by equilibrating the measuring assembly the continuous automatic measurement is 
carried out. Simultaneously, continuous recording of the measured temperature is 
carried out by the pen on the graph paper. 

In the apparatus, the scale has a length of 120 mm. The range of temperature 
measured by the skin and axilla detector is 24° (from 17° to 41°) and by the stomach 
detector is 6° (from 35° to 41°). For producing more accurate records, the range 
temperatures for the skin and axilla detectors are split into two sub-ranges: the first 
from 17° to 29°, the second from 29° to 41°. The sensitivity is thus 0-1°/mm for the 
detectors at the skin and axilla and 0-05°/mm for the stomach detector. 

The main circuit of the apparatus is given in Fig. 2. The measuring bridge of the 
apparatus consists of the following resistances: R, is the potentiometer resistance; 
R>3, R, and Ry are shunt resistances which serve for adjusting the limits of the measu- 
rements of each sub-range; R7 is the supplementary resistance which controls the 
current through the thermistor; Rg and Ro are fixed resistances of the arms of the 
bridge; Rig is the arm of the bridge for the stomach detector; Rj; is the arm of the 
bridge for the skin and axilla detectors. 

The signalling circuit of the apparatus consists of three 28 V, 0-1 A signal lamps 
with colour filters fixed in the armature. The signal lamps serve to indicate which 
detector is connected up. The graph paper is moved with the aid of a synchronous 
motor SD-2. There is a decelerator between the synchronous motor and the roller, 
for altering the rate of movement of the paper; this gives two rates of movement; 
5 mm/min and 10 mm/min. 

There are two arrangement on the cover of the apparatus for cutting out the syn- 
chronous motor and for disconnecting the circuit from the current supply. There 
is a safety device in series with the circuit for protecting against short circuiting and 
overvoltage. 

We have not room to give a detailed description of all the connexions of 
the apparatus. We have only permitted ourselves to describe briefly the measuring 
circuit and the action of the different junctions of the apparatus. 


MAIN TECHNICAL DATA OF THE APPARATUS 


(1) Range of temperature measurement: (a) for skin and axillar detectors, 17°-41°; 
(b) for stomach detector, 35°-41°. 

(2) Accuracy of measurement: +0-05°. 

(3) Sensitivity of the apparatus; 0-1 per cent of the range indicated. 

(4) Running time of the carriage: 8 sec. 

(5) Rate of feed of graph paper 5 mm/min and 10 mm/min. 

(6) The electrical supply of the apparatus is from an a.c. circuit, voltage 127 V, 
frequency 50 c/s or is stepped up via a transformer from an a.c. supply of 220 V, 
frequency 50 c/s and also by using a special 27 V d.c. transformer from the circuit. 
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(7) Electrical supply to the measuring circuit is from two elements (dry cells) 
type FBS, connected in parallel, located inside the apparatus. 

(8) The apparatus normally works at the temperature of the surrounding atmosphere, 
from 0 to 

(9) The weight of the apparatus is 17 kg. 

(10) Dimensions: 324 x 268 « 168 mm. 

(11) The apparatus is firm and free from vibration, and thus can be used under 
different conditions. 

It seems to us only fair to mention the extremely relevant article by Abrikosov 
“Semiconductors in medicine’ (1) where he writes “the realization of semiconductor 
apparatus with graphical recording of temperature variations on paper is of definite 
interest to medicine’. The apparatus constructed by us, in known practical stages, 
solves this important problem. Undoubtedly the individual constructional details 
of the apparatus are still far from complete, however investigations in this direction 
will be extremely friutful and will be very helpful in working out functional diagnostic 
methods. 

In conclusion we should mention that in constructing the apparatus we tried to 
use the connextions of manufactured apparatus, e.g. the oxyhaemograph P-36, made 
by the “Krasnogvardeets’”’ factory. With slight constructional variations in the 
oxyhaemograph, the factory may successively become familiar with apparatus for 
measuring cavity and skin temperatures of the body with the aid of semiconductor 
detectors. 


Translated by F. MCKECHNIE 
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A UNIVERSAL ARRANGEMENT FOR DETERMINING THE 
OPTICAL PROPERTIES OF PLANTS* 


S. V. TAGEEVA and A. B. BRAND! 
Institute of Biological Physics Academy of Sciences U.S.S.R., Moscow 


(Received 6 April 1958) 


THE study of spectra of light absorbed, reflected and transmitted by plants has interested 
many research workers [1-9]. The growth and development of plants, the quantum 
yield of photosynthesis, photoperiodic reactions, etc., depend to a large extent on 
the quantity and spectral composition of the absorbed light. A knowledge of the 
optical properties of plants is also a necessary element for the correct production 
and interpretation of aerial photographs of the surface of the ground, taken from 
a great height. A number of methods have been worked out which permit the study 
of the optical properties of leaves [10-19]. 

A new arrangement has been constructed and assembled in our photographic 
laboratory, under the direction of Prof. M. V. Sokolov, for the study of the optical 
properties of the leaves of plants. In contrast to existing apparatus, this device appears 
to be universal and permits the study of absorption, transmission and reflexion of 
monochromatic light by living leaves of plants in relation to variation of the angle 
of incidence of the light to which they are exposed. A diagram of the device is seen 
in Fig. 1. A 500 W, 127 V cineprojection lamp is used as a source of light. The 
lamp is fed from an electric mains supply, via a voltage stabiliser. The strength of 
the current and the voltage may be varied, as desired, by the experimenter, by including 
TNI-45 type lamps, for regulating voltage, in the supply circuit. The lamp 4 is placed 
in the focus of the spherical mirror reflector a (diameter 335 mm, focal length 170 mm), 
which directs light onto the condenser v, (diameter 80 mm, focal length 90 mm). 
For removing secondary rays of light formed as a result of using a non-point source 
of light, and of flashes reflected from the bulb of the lamp, behind and in front of the 
condenser there are three removable diaphragms g, with different openings, with 
diameters from 2 to 10 mm. A beam of light passing through them falls on the lens d 
(diameter 40 mm, focal length 110 mm) and is made parallel. The lens d is provided 
with an iris diaphragm e which permits alteration of the intensity of the light passing 
through it. Immediately in front of the diaphragm there is a holder zh for interference 
light filters which permit very narrow portions of the spectrum to be used. In our 
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work we used from twelve to twenty such filters. The optical part of the device up 
to the cell for the light filters is located in a metallic case, as a result of which, up to 
the time of working, the device is guaranteed to be in complete darkness in the room 
where it is kept. The screen i with the opening, limits the diameter of the parallel 
monochromatic beam of light entering the photometric sphere k. At the entrance 
to the sphere, there are removable diaphragms / which permit alteration of the dia- 
meter of the beam. Apart from this, for measuring transmission of light by the leaves, 
there is a device for fixing the test leaf in it, at the inlet opening. 


Fic. |. Diagram of universal laboratory arrangement for studying the optical pro- 
perties of plants. A — general plan of arrangement, B — diagram of optical system 
of the arrangement. 


On the diametrically opposite side of the sphere there is a second aperture for 
measuring transmission of light by leaves and a separate attachment is provided for 
placing the leaf in it, for study of the reflecting capacity of leaves. 

The photometric sphere k, diameter 500 mm, consists of two completely separate 
aluminium hemispheres fixed on movable trolleys n. The whole arrangement is mounted 
on two parallel blocks 0 which ensure parallelism of movement of all the elements of 
the arrangement and always offer the possibility of fixing them in a strictly located 
position. The internal surface of the optical sphere is painted red with barium suplhate 
in an acetone solution of acetylcellulose [20], of the following formula: barium sulphate 
1000, pure acetone 1180, xylene 130, acetylcellulose 26 parts by weight. 

Painting of the sphere is best carried out with a pneumatic spray. First of all, the 
surface of the sphere, which has been freed from grease, is covered with one or two 
thin layers of a solution of photographic film in acetone, and after this has dried, 
the colouring composition is applied in very thin layers. A good covering is attained 
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after the application of six to eight layers of paint. Subsequent applications are 
carried out every 3-4 hr, to allow complete drying of the coats previously applied. 
After the painting of the inside surface of the sphere is finished, a layer of acetone 
solution is applied (without barium sulphate). The inside surface of the sphere, after 
such a covering, is ideal for diffused light, does not yellow with time, and does not 
change its optical properties; if it gets dirty, it can be washed with soap and water. 

The monochromaticity of the irradiation light is attained with the aid of interference 
light filters and where measurements have to be carried out throughout the entire 
spectrum, the optical system described is easily exchanged for an apparatus which 
gives monochromatic light in the desired field of the spectrum, e.g., the UM-2 mono- 
chromator. The intensity of the light in the sphere is measured with the aid of a photo- 
electric cell FEU-19 p. This has antimony- caesium photocathode with a translucent 
layer applied to the glass backing area of 9 cm2, and a sensitivity of up to 1000 A/Im 
for a voltage of 1700 V. Since the electrical circuits and the spectral characteristics 
of the photoelectric cell have been thoroughly studied by Chechik, Fainstein and 
Lifshits [21] it only remains for us to mention specially here that the supply to the 
cell comes from the combined anodes of a BAS-80 battery which ensures high voltage 
stability with a dark current equal to 0-9 wA. The receiving surface of the photocell 
is in the opening in the top part of the sphere and is at the surface of the sphere; its 
body is screened by a metal casing. In selecting the photocell it is necessary to bear 
in mind that its current must be varied according to the cosine of angle of incidence 
of the light rays. 

The photocell increases the sensitivity of the measurements since it allows the 
possibility of working with very weak monochromatic light which has practically no 
effect on pigirent storing processes. Inside the sphere there is a screen, which, with 
the aid of the external handle r, may occupy different positions and prevents the 
directly reflected light from falling into the photocell. 

Fig. 2 is a diagram showing different ways of working. In position / (Fig. 2A) 
the reading of the apparatus will be proportional to the light ray passing into the sphere 
(F,), and for this the screen e is removed. When the leaf is placed at the aperture and 
the screen is placed between the receiving surface (f) and the leaf / (position ID), then 
the reading of the apparatus will be proportional to the intensity of light passing 
through the leaf (F,,)._ The transmission coefficient of the leaf, for a specific wavelength 
(in the case of work in definite sections of the spectral field) is then given by 
F, 


Placing the leaf on the opposite side of the sphere (variant ///) and having placed 
the screen e between f and / according to the reading of the apparatus, by determining 
the light reflected from the leaf, the reflexion coefficient of the leaf, for a definite wave- 


length is given by 
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The absorption coefficient of the leaf may be calculated according to the formula 


a, =1—(0, + T,). 


In Fig. 2(B), new variants of the investigation are represented which are only 
practicable as a result of using large photometric spheres. The advantage of these 
lies in the fact that the test object is placed inside the sphere on a thin rod situated 
perpendicular to the optical axes of the arrangement. The case is fitted with a flat, 
removable cylindrical cover which is black inside and painted with barium sulphate 
on the outside. The reflection coefficient QO of the external surface of the cover is, 
equal to 0-9 in our arrangement. 

In position / the test object, with the case and cover, is turned with the case, with 
the aid of an external lever, to the side of the incident ray of light. The reading of the 
apparatus, in this case, will be proportional to the intensity of light entering the sphere. 
For measuring the intensity, which is proportional to the sum of the intensities of the 
light reflected (F, ,) and transmitted (F, ,) by the leaf, the cover is removed from the 
case and the leaf is placed perpendicular to the direction of the incident light (position //). 
The overall coefficient of light reflected and transmitted by the leaf is given by 


For measuring only the reflexion (F 3.) (position ///) onto the case from the side 
opposite ‘to the incident light, the cover is again removed. The apparatus reading 
only indicates an intensity proportional to the light reflected from the leaf, since light 
passing through the leaf is absorbed by the blackened surface of the cylinder. 

In the case quoted, the reflexion coefficient is given by 


4,9 


is calculated. according to the formula 


The absorption coefficient « 


“; l —(0;-+T,), 


and the transmission coefficient according to the formula 


T, = + Ty) — 


Placing the object within the sphere offers the possibility of carrying out measure- 
ments of optical properties of plants at various angles of incidence of light on the leaf. 
For this purpose, the case with the leaf may be rotated, in our arrangement, round 
the axes of the rod on which it is fixed. The rotation is accomplished with the aid 
of a lever from the pointer c (Fig. 1) which projects from the surface of the sphere. 
and the deflexion angle is determined from the dial which is fixed to the lever. 
Determination of the optical properties of a leaf on varying the angle of incident light 
is calculated exactly as for the variants represented in Fig. 2 (B). 
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To prevent withering of the leaf, when measuring transmitted light, the leaf is 
not separated from the plant. For measurements of reflexion and absorption of light 
energy by the leaf, placed inside a sphere, a freshly cut petiole of the leaf is placed 
in a thin rubber tube painted with white paint, connected with a small vessel containing 
water. 

The study of transmission of light under conditions of irradiation of the leaf by 
diffused light may be of interest. An arrangement of our type affords the prospect, 
depicted diagrammatically in Fig. 2(C). A second sphere (in which the required 


Fic. 2. Different variants for determining optical parameters of a living leaf: A 

widely diffuse variant; B—new possible variants for determining absorption, 

reflexion and transmission of light by a leaf, depending on the angle of incidence 

of the irradiating light; V — diagram for obtaining uniformly diffuse light with 

the aid of an additional optical sphere. f— photoelectronic magnifier, e — screen, 
1 — leaf. 


diffusion of light is accomplished is arranged on a bench between the source of light 
(filament lamp) and the sphere with the object and the photocell. 

In work with optical spheres of the required diameter, the most likely error in 
measurements of reflected light arises from weakly diffused light; this problem is 
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inherent in all very simple optical apparatus. The intensity of this diffused light will 
be greater than that of the reservoir of light energy and greater than that of the weak 
light illuminating the object. By removing the cover of the apparatus it is possible 
to measure it for transmitted light of different wavelengths passing right through 
the sphere. The corrected reading obtained is necessary in considering further work 
from readings of all the measured optical properties of test objects carried out in 
spheres. In a study of the optical properties of leaves with an irradiated surface, the 


Fic. 3. Dynamics of measurement of light absorption by the first leaf of etiolated 
corn in the process of turning green. /— after Ihr irradiation, 2 — after 2 hr. 
3 — after 7 hr, 4 — after 10 hr, 5 — after 24hr. b — by normal green leaf of exactly 
the same age. Abscissa: wavelength 4. Ordinate: light absorption coefficient a;. 


leaves must be arranged in the sphere slightly oblique to the ray of light, so that the 
mirrored reflexions do not go out from the sphere via the inlet opening. Apart from 
this it is necessary to consider the reflexion coefficient of a calibrated leaf with respect 
to which the reflexion of the object is measured. The calibrated leaf is painted with 
MgO or BaSO,. According to data of a number of authors, the reflexion coefficient 
of MgO in the form of dust consists of 97-98 per cent of the incident light and reflexion 
of a BaSOy, leaf. according to Dorf’s [22] data, accounts for a total of 90 per cent 
of the MgO reflextion. 

In work with optical spheres the area of the opening in the sphere should be taken 
into account. A very accurate formula for calculating the correction for the area of 
the sphere opening has been suggested by Finkelstein [23], but it is very complicated. 
Dorf [22] simplifies this formula considerably and makes it practicable for multiple 
measurements. 

In work with spheres of large diameter, it is necessary to consider this correction 
since it may reach a significant quantity. In measurements of optical properties of 
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diffuse objects and turbid media, it is necessary to consider the presence of the 
so-called “marginal effect’’ of “spreading of light’’ in the volume of the model which 
is brought about by the fact that light passing through the model leaves it through 
a larger area than that through which it entered. 

In connexion with this, Ksentitskaia [24] recommends carrying out the measurements 
in such a way either that the diaphragm located in front of the object, and limiting 
the beam of light which falls on the test object, should be considerably smaller than 
the diaphragm placed after the test object, or that the irradiated surface of the test 
object is considerably larger than the opening of the diaphragm located behind it. 
Both these methods, according to Ksentitskaia’s data, give results which are in 
agreement. In our work the first method was used. 


%, 
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Fic. 4. Optical parameters of the first leaf of etiolated growth of corn after hourly 
irradiation (A, — absorption, R, — reflexion and 7, — transmission of light) and 
of the green leaf (A, — absorption, R,— reflexion and 7, — transmission of 
light). Abscissa: wave length 4. Ordinate: coefficients of absorption (az), refle- 
xion (@z) and transmission (73) of light. 


For systematic checking of the accuracy of work with optical spheres, it is very 
expedient to have in the laboratory a calibrated model with known spectral cha- 
racteristics of reflexion, transmission and absorption of light. For preparing a “calibrated 
green leaf’, we used light filter ZhES-1, both surfaces of which had a matt finish. 
The standard was built into a case specially adapted for fixing into the sphere. 

For illustrating the possibilities for investigation which the suggested arrangement 
offers, the results are given (Fig. 3) of one of the tests relating to determination of 
dynamics of changes in absorption of light by the first leaf of etiolated corn, in the 
process of turning green. A two-week growth of etiolated corn was placed inside the 
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optical sphere, the growing roots being in a test tube of water. The leaf was irradiated 
with light from a filament lamp placed in front of the opening in the sphere m (Fig. 1). 
Measurements of the optical paremeters of the leaf were carried out after definite 
intervals of time. During the measuring period, the irradiation lamp was disconnected. 
The leaf was situated within the sphere all the time. 

In Fig. 4 the optical parameters of the first leaf of etiolated and normal green 
growth of corn are given. Measurements were carried out on the plant situated within 
an optical sphere. In the process of measurement, the intactness of the plant tissue 
was not disturbed and, according to the completed experiments, in another 10 days 
the plants grew normally and were placed in the laboratory window, for natural 
illumination. 

We thank Engineer-mechanic A. P. Andreitsev and colleagues of the Radio Group 
of the Institute, E. E. Martusov and S. F. Bobin for help in assembling the device. 

Translated by F. MCKECHNIE 
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A SIMPLE STIMULATOR ATTACHMENT* 


L. A. OSTERMAN 


Institute of Normal and Pathological Physiology, Academy of medical Science of the U.S.S.R., Moscow 


(Received 27 June 1958) 


STIMULATION of activity of living structures by electrical impulses with simultaneous 
recording of action potentials sometimes meets with great difficulty, particularly in 
those cases where the two electrodes are relatively close to each other: for example, 
large artefacts connected with penetration of a stimulating impulse, appear at the 
amplifier circuit input when it is recording the potentials. These artefacts may frequently 
mask the record and in some cases their magnitude is so great that the amplifier is 
“shut off for a while, and recording of activity becomes impossible immediately 
after a stimulation. 

The basic difficulty is concerned with the fact that one of the stimulating electrodes 
is usually earthed into the actual stimulator. At the same time the amplifier has one 
earthed lead at the input. For monopolar recording one of the electrodes is immediately 
earthed; for dipolar “earthing” the amplifier is connected with the actual animal. 
In both cases the voltage arriving at the input circuit of the amplifier is that relative 
to the “earth”. 


At the moment of giving a stimulating impulse, the main stimulating current 
naturally flows straight between the activating and the earthed electrodes of the stimu- 
lator. However, parallel with this, the active stimulating electrode can be shown to 
be connected to “earth’’ and the other conducting path: the living structure under 
test (nerve, muscle) becomes the activating electrode; the other electrode is the input 
resistance between the amplifier and “earth’’. However, as a rule the electrical resistance 
of this path is considerably greater than the strip of tissue lying between the stimulating 
electrodes, although some part of the current flows along the path indicated. This 
current sets up a voltage on the input resistance of the amplifier which is recorded 
as an artefact. The greater the sensitivity of the amplifier and the lower the magnitude 
of the recorded signal, the greater the difficulties brought by this artefact into the 
registering and interpreting of the record. 

Dipole recording may sometimes improve the conditions of investigation; however 
in this case it is very difficult in practice to get rid of a considerable artefact when 
the electrodes are arranged close together. In the case of dipole recording. 
the electrodes connect two parallel secondary circuits: one of them passes through 
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the primary and the other through the secondary electrode of the amplifier. However. 
these circuits are not equivalent since the path of the current from the active stimulating 
electrode to each of the amplifier’s electrodes is different. As a result of this, the artefact 
voltage falling on each of the input valves of the first series will be different and the 
differential properties of the symmetrical amplifier will not be completely utilized. 

An understanding of these matters may be decisive in removing difficulties found 
with stimulating and recording electrical circuits. For this, it is sufficient to disconnect 
the amplifier input or stimulator output, from the “earth”. The first method was 
used by Haapanen [1]; the second is obviously simpler and more satisfactory and 
is very much more widely used at the present time. 

To prepare a stimulator with an unearthed output is complicated, but not necessary. 
It is much more convenient to take advantage of some intermediate arrangement 
controlled from the stimulator and reproducing the voltage of a given impulse. Such 
an arrangement is satisfactory and has already been used in the output’s usual stimula- 
tors; it appears to have considerable merit. In so far as one of the input terminals 
of the connecting arrangement is linked with the stimulator (and for this reason is 
earthed) and the output terminals must be separated from the “earth”, this arrangment 
must actually have “breaks”’ between its input and output. Transfer of a pulse via 
this “break”’ is accomplished most satisfactorily by a magnetic or an electromagnetic 
field. In the first place the idea is developed of an intermediate connecting transformer. 
Actually “uncoupling” transformers are used for this purpose and have been described 
in the literature [2]. However, the construction of such a transformer has its own 
difficulties. In the first place it is necessary to provide for careful insulation of the 
transformer windings from each other since the presence of a capacity between them 
leads to the situation that the second winding is earthed on appearance of the pulse 
as a result of the parasitic capacity between the windings. In the second place, the 
presence of considerable inductance of the windings hinders production of transferable 
pulses, without marked distortion of their form. 

At first sight a more complicated, but in practice a simple and reliable, circuit 
for an uncoupling arrangement has been proposed by Schmitt [3]. slightly modified 
by Schmitt and Dubbert [4] and then by Perkins [5]. 

The idea of this circuit is that direct pulses from a stimulator are controlled by 
a radiofrequency generator (Fig. 1). These pulses are used in the form of the voltage 
of the anode supply of the generator. In this way variations in the generator circuit 
arise at the moment of starting the pulse and continue throughout its duration. The 
amplitude of these variations is proportional to the amplitude of the given pulse. 
Variations in radiofrequency are transferred via the coupling coil to a secondary 
circuit; they are then detected and the radiofrequency is filtered off with the aid of 
a condenser placed at the output. A rectified voltage, exactly reproducing the form 
of the original pulse, arrives immediately at the stimulating electrode. Naturally, 
the amplitude of the outgoing pulse is less than that of the ingoing. In our circuit. 
the voltage of the pulse at the input of the arrangement was reduced by 40 per cent, 
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on its exit. The second circuit has no earthed points and by this method of arrangement, 
the artefacts described above may be removed. 


From stimulator 


~63V 
Fic. |. Main circuit of intermediate arrangement: R; — 20 k22; Ry — 75 kQ; Ry 
2 kQ; Ry— 100 kQ, C), C3; — up to 100 Cy — 4/15 Cs — 820 pF. 


The circuit used by us (Fig. 1) is somewhat different from that of Schmitt and 
Perkins but is based on the same principle: it may be used without difficulty under 
laboratory conditions. 


‘ml 
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Fic. 2. Arrangement of details and basic dimensions (mounting not shown). / — basic 
framework (fluoroplast); 2-— skeleton of secondary coil (fluoroplast); 3 — casing 
(organic glass). 


The coil L; has 70 windings with a tapping from the twentieth turn. Coil L also 
has 70 windings. The enamelled lead has a diameter of 0-31 mm. The circuit is adjusted 
to a frequency of about 2:4 Mc/s. For reducing high frequency losses, the coils are 
wound on fluoroplast, from which the framework of the device is made (Fig. 2). 
Assembly of the components of the primary and secondary circuits is accomplished 
on flanges, corresponding to the halves of the circuit. The primary circuit has a resonant 
frequency of about 150 [sic]. 
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The presence in the circuit of the resistance R; is connected only with the fact that 
the industrial pulse generator GI-2A, used by us as a stimulator, has a high output 
resistance for a constant current.* 

Potentiometer R; (fitted with a graduated dial) serves for smooth regulation of 
the amplitude of the outgoing impulse. The magnitude of its resistance is so chosen 
that it is sufficiently small for this, so that there can be no fear of shunting of the 
circuit by the object. The voltage of the outgoing pulse is stepped down by the terminals 
K, and K>. Potentiometer Ry purposely permits entry of the artefact into the record 
of a stimulation which is regulated by size and polarity, in those cases where 
it is expedient, for example, in determining the latent period. For this the terminal K; 
is adequately connected with the “earthed” amplifier to pick up the most useful position 
of the hand lever of potentiometer Ry. Potentiometers R; and Ry are fixed on the end 
of a cylindrical sheet made of organic glass. which encloses the assembly. 


Fic. 3. General view of apparatus. 


The valve voltage supply is from an external source. The most satisfactory one 
for this purpose is the filament voltage of the stimulator valve, provided that there 
is an output for the corresponding terminals on the panel of the apparatus. The main 
dimensions of the framework are shown in Fig. 2. In Fig. 3 a photograph is seen of 
the construction. It should not be placed in the immediate neighbourhood of earthed 


* The generator mentioned is an extremely suitable and very high quality apparatus which offers 
the possibility of carrying out independent regulation of the duration, frequency of test, and amplitude 
of rectangular pulses. Its original characteristics are unsuitable for physiological uses only in the respeci 
that the maximal duration of pulses given by it amount only to a total of 0-5 msec. 
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metallic objects. It is suitable to fix the whole device on a support with the aid of 
a clip. 

The arrangement described was tested by us in work with the isolation of action 
potentials with cat nerves. With bipolar recording, and location of the stimulating 
electrodes practically up against the detecting ones, no artefact was recorded with 
a stimulating impulse of 50 V, with an increase in sensitivity to about 50 «V/mm 
deflection of light on the oscillograph screen. Intereference by the circuit voltage was 


also absent although the experiments were carried out in an uninsulated chamber. * 


* The amplifier developed by us was used with very high rejection coefficients, thus permitting 
work on animals in an unscreened place. 


Translated by F. MCKECHNIE 
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LETTERS TO THE EDITOR 


POSSIBLE SIMPLIFICATION OF CLINICAL 
CHRONAXIMETRIC STUDIES* 


V.N. DARKSHEVICH and N. N. MALOov 


State Scientific Research Institute of Physiotherapy, Moscow, and Lenin State Pedagogical Institute, 
Moscow 


(Received 10 August 1958) 


lt is common knowledge that the technique of clinical chronaximetry has been the 
subject of repeated criticism [1-7]: this it seems to us is to some extent justified. 
The Hoorweg—Weiss excitability curve defines the relationship between the threshold 
value of the stimulating current and the threshold duration of application. The current 
is assumed to be rectilinear in form: J=(a/t)+b. The constants a and b depend on 
the functional condition of the tissue at the time of investigation; their alterations 
serve as an indirect index of change in the condition of the tissue. 


* Biofizika 4: No. 2, 242-243, 1959. 
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In clinical chronaximetry, however, voltage is measured instead of current intensity, 
and not in the object itself but in the output of the apparatus (an additional resistance — 
the Bourguignon shunt —is located between output and object in the condensor 
chronaximeter); under these conditions the voltage measured is very remotely related 
to the current flowing in the object. Diagnostic apparatus, giving rectilinear voltage — 
electronic chronaximeters — are also in use. However in both cases (irrespective 
of the type of apparatus used) the current is very far from rectilinear in form and can 
differ considerably trom the form of the voltage. 

Since the resistance of tissues is not a constant value because of strong polarization 
phenomena, but diminishes with increasing current frequency or decreasing impulse 
duration, the “current’’ and “voltage’’ excitability curves are consequently different. 
Usually the voltage-duration curve is steeper than the current intensity-duration 
curve. 

As a series of experimental studies have shown [8-11], current form can be greatly 
different from voltage form. In addition to this it has been shown in a specially designed 
experiment [12] that the form of current passing through the object is similar to that 
of voltage, tapped from electrodes inserted under the skin (in the region of the active 
and indifferent electrodes), but markedly different from the voltage of the object itself 
(including the skin). This makes it valid to assume that measurement of current, and 
not measurement of voltage, is the correct procedure. 


In clinical work involving measurement of voltage the fact that the voltage excitabi- 
lity curve in general does not resemble the Hoorweg-Weiss equation is usually ignored. 


At the same time, to simplify work, it is accepted practice to use two points only, 
instead of the whole excitability curve: the threshold voltage value with an impulse 
of indefinite duration —the so-called rheobase, conditionally identified with the 
constant 4 in the Hoorweg-Weiss equation, and the threshold impulse duration at 
twice the rheobase value: this duration of stimulus (the chronaxie) can accordingly 
be regarded as the time 

a/b. 


In the case of dynamic observations on a patient the clinical interest is not so much 
in the absolute values of the rheobase and the chronaxie as in the changes which occur 
in their values during treatment. However the voltage excitability curve, as pointed 
out above, rises more steeply than the current curve, and therefore the value obtained 
for the chronaxie is low. 

When the condition of an organism changes, alterations are possible in the skin 
as well as the internal tissues. Consequently it is difficult to make definite inferences 
about the condition of nerve and muscle from voltage measurements of the rheobase 
and chronaxie. 

According to the ionic theory of excitation of Nernst and Lazarev [13, 14] (which 
despite certain shortcomings is still valid), the stimulus is determined, of course, by 
the current and not by the voltage. Undoubtedly even after measurement of the current 
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given out by the apparatus, the desire of the investigator to know the magnitude of 
the current actually passing through the nerve or muscle fibre itself is still unsatisfied. 
But this problem can be resolved only in isolated tissues, and this of course is impracti- 
cable in clinical practice. 

Therefore we once more emphasize that for clinical studies it is mecessary to use 
apparatus providing rectilinear current impulses, and capable of measuring current. 
An apparatus of this type is in production (the apparatus was designed by the All- 
Union Scientific Research Insititute of Medical Instruments and Equipment and is 
being produced by the EMA factory), but it is not yet widely distributed. Besides 
this we consider that a considerable simplification of apparatus construction and 
experimental procedure is possible. We suggest study of a rheobase /, and a stimulating 
current iz using quite a short impulse, for example with t=0-05 msec, which is less than 
the usual chronaxie values. 

From these two values we can find: 
i, bt t 

Thus, in this type of investigation, where the dynamics of the chronaxie are being 
recorded (with the desire of possible determination of its numerical value), it is possible 
to simplify the construction of the apparatus, since it is required to produce (besides 
direct current) impulses of current of a certain fixed duration only. Thus the construction 
of the apparatus is considerably cheapened and its operation is simplified. 


Translated by C, R. PRINGLE 


REFERENCES 


|. ABRIKOSOYV, I. A., and DARKSHEVICH, V. N., v kn. Markov D. A. Khronaksimetriia v klinike. 
(In: MARKOV’S book Chronaximetry in the Clinic.) p. 154. Minsk, 1956 


2. LAZAREY, P. P., Klin. med. Mosk. 9: 1934 

3. RUBIN, L. R., and FEDOROVA, E. A., Nevropatol. psikhiatr. 4: 59, 1951 

4. NASONOV, D.N., and ROZENTAL’, D. L., Fiziol. zh. SSSR 39: 4, 1953 

5. MALOV, N.N., Uchen. zap. Moskovskii gos. ped. inst. 88: 47, 1954 

6. MALOV, N.N., Biofizika 1: 534, 1956 

7. KHOU TSZUN-LIAN’, VAN CHZHO-LIN’, and CHZHO VAN-MEI, Fiziol. zh. SSSR 43: 
737, 1957* 

8. RITCHIE, J. M., Brit. J. Phys. Med. 11: 101, 1948 


9. STEPHENS, W.G.S., Brit. J. Phys. Med. 19: 217, 1956 

10. MALOV, N.N., Biofizika 2: 614, 1957* 

11. DARKSHEVICH, V.N., O dozirovke élektricheskogo razdrazhatelia pri élektrofiziologicheskom 
issledovanii. Stat’ia priniata k pechati. (Electrical stimulus dosage in electrophysiological research. 
A paper accepted for publication). Vopr. kurortol., fizioter. lechebn. fiz. kult. 

12. DARKSHEVICH, V.N., K_ kharakteristike elektricheskogo razdrazhatelia. (Electrical stimulus 
characteristics.) Biofizika 3: 629, 1958* 

13. NERNST, W., Pfliig. Arch. Ges. Physiol. 127: 275, 1908 

14. LAZAREV, P. P., Issledovaniye po adaptatsii. (Research on Adaptation). Moscow-Leningrad, 

1947 


* There is a translation into English of this work. 


> 
es 
- 
4 
i 
sist 
: 
: 
Bi 


THE OXYGEN SUPPLY OF AN ORGANISM IN A HIGHLY 
RARIFIED ATMOSPHERE* 


ANIMAL EXPERIMENTS 


D. 1. IVANOV and G. G. STURUA 
Research Institute of Aviation Medicine, Moscow 


(Received 27 December 1956) 


IN flights at 12,000 m and beyond the earth’s atmosphere the possibility of a sudden 
fault in the cabin pressurization of a flying vehicle cannot be entirely excluded. In 
such an event the aircrew are in danger of experiencing acute oxygen starvation. 
Respiration of oxygen supplied under pressure (higher than atmospheric pressure 
at the given height) is one method of combating oxygen starvation and preventing 
its occurrence in these conditions. For this purpose special oxygen apparatus is 
employed. One of the fundamental conditions of this is that the partial pressure of 
the oxygen in the air inspired must be sufficient for complete maintenance of the 
functional efficiency of a man for the length of time required to make the decisions 
necessary in such a situation and to reach a safe altitude (10,000—-12,000 m). 

There is no doubt that additional pressure in the respiratory system must affect 
general blood circulation, and most of all the pulmonary system. Investigation of 
this question is of great theoretical and practical interest in physiology. 

We have made use of a radioactive tracer technique. This method provides an 
objective and fairly accurate means of studying general blood circulation. At the same 
time, depending on the experimental conditions, it is possible to assess the state of 
the peripheral circulation. “Labelled” blood was used in animal experiments. The 
blood sample injected into an animal was labelled with radioactive dibasic sodium 
phosphate.” 

Labelled erythrocytes or labelled whole blood can be used to determine not only 
the rate of blood flow, but also the rate of mixing of the “indicator” with the main vol- 
ume of the circulating blood. The latter is of value in determining the functional state 
of the cardiac muscle. This method has acquired wide practical clinical application 
in the diagnosis and treatment of certain cardio-vascular diseases and therefore, in 
our view, it is especially valuable in studying the haemodynamic features of respiration 
of oxygen under pressure. 


* Biofizika 4: No. 2, 243-249, 1959. 
* For the purposes of this investigation both labelled whole blood or labelled erythrocytes alone 
can be employed with equal success. 
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The experiments were carried out on dogs under general hexonal narcosis (1-0 cm} 
of the solution per | kg weight, subcutaneously). In normal atmospheric conditions 
oxygen under pressure was supplied to the animals from a special oxygen apparatus 
via an oxygen mask. 

Two series of experiments were performed: the first series was performed without 
the application of any external counter-pressure; in the second series an external counter- 
pressure was applied in the thoracic and abdominal regions (by means of a compensating 
jacket). A certain proportion of the experiments were carried out on unnarcotized 
animals. In this case the animals had been operated on previously (the common carotid 
was led out to a patch of skin on the neck) and the experimental tests were carried 
out following complete healing of the operational scar. 


Before commencing the experiment, 5-10 cm} of blood, the exact amount depending 
on the weight of the animal and the purpose of the experiment, were drawn from 
a vein. From 0:2 to 0-4 ml of a physiological solution of radioactive dibasic sodium 
phosphate was added to the test-tube containing the blood sample, which was then 
placed in an incubator or water bath at 37°. 

Blood (1-0 ml) labelled with radioactive phosphate was injected into the femoral 
vein of a hind limb. In each experiment this was repeated several times (three to five 
times at intervals of 20-30 min). A sample of arterial blood (approximately 0-5 ml) 
was drawn from the femoral artery of the opposite limb simultaneously with injection 
of the labelled blood sample into the animal. During the first minute blood samples 
were taken every 2-3 sec; subsequently the time was gradually lengthened to 30 sec. 
The arterial blood was drawn into small glass tubes. Heparin was added to prevent 
clotting. At the end of each experiment 0-3 ml of blood were taken from each tube 
after the sample had been carefully mixed. This blood was placed on a depression 
slide and allowed to dry at room temperature. The radioactivity of the blood sample 
was determined using a type B apparatus. 

The rate of blood flow was determined by the time of appearance of the first radio- 
active sample of arterial blood and by the time of development of maximum activity, 
reckoned from the time of injection of the labelled blood sample. The rate of mixing 
was estimated from the time which elapsed between injection of the labelled sample 
and the establishment of a relatively constant radioactivity level in the arterial blood. 
In each experiment and for every animal the rate of blood flow and the rate of mixing 
were determined both for normal respiration and for respiration of oxygen under 
pressure. 


EXPERIMENTAL RESULTS 


Forty experiments in all were carried out. In the case of normal respiration, 
radioactivity appeared in the blood of most animals 10-12 sec, and in the rest 5—9 sec, 
after intravenous injection of labelled blood. 

Maximum radioactivity was observed in samples taken after 16-17 sec, on average. 
A relatively constant level of radioactivity was established 2-3 min after injection 
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of sodium (32P) phosphate complete and even mixing of the labelled sample with 
the main mass of the circulating blood had consequently been achieved by this time 
(Fig. 1). 

Typical curves of the changes in blood radioactivity obtained in the animals in 
the animals in these two experiments are shown in Fig. |. Analysis of these curves 
shows that the activity of the blood samples in the initial period after sodium phosphate 
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Fic. |. Alteration of blood radioactivity following injection of labelled erythrocytes 
in the case of respiration at normal pressure. (/) experiment 20; (2) experiment 10. 


injection increases rapidly and that the maximum is reached in a few seconds, after 
which it declines rapidly at first and more slowly later, and after 2-3 min, reckoned 
from the time of injection of the sodium phosphate into the blood, it becomes relatively 
stable. In a number of cases two or three additional peaks, considerably less prominent 
than the first, can be observed in the blood radioactivity curve. This evidently is an 
indication of prolongation of mixing of the intravenously injected sample with the 
main mass of the circulating blood in a particular animal. A regularity in the time 
of appearance of the secondary peaks in the curve is confirmation of this. 

In the case of oxygen respiration under normal conditions, i.e. at normal atmospheric 
pressure, the general nature of the curve of change in blood radioactivity remains in 
principle the same as that for respiration of air at atmospheric pressure. Certain 
differences are apparent in that the whole curve is somewhat more displaced to the 
right, which indicates a relative retardation of blood flow. These results are in full 
agreement with what is at present known of the changes in cardio-vascular activity 
during oxygen respiration at ground level conditions. 

During respiration of oxygen under increased pressure in the lungs, the time from 
injection of the sodium phosphate labelled blood sample to the moment of appearance 
of radioactivity in the arterial blood in all cases was longer than during respiration 
under normal pressure conditions. Results of some experiments are given in Table 1, 
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characterizing the change in rate of blood flow in narcotized animals during respiration 
of oxygen under increased pressure. 

The time between injection of labelled blood and the appearance of the first sample 
of arterial blood showing radioactivity was directly dependent on the magnitude of 
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Fic. 2. The same as Fig. |, but in excess pressure conditions. Pressure: (/) atmospheric, 
+20 mm Hg; (3) atmospheric |40 mm Hg. Experiment 22. 


(2) atmospheric 


the excess pressure. If, as has already been stated, this time was 10-12 sec during 
respiration at atmospheric pressure, then it was found to be 15, 19 and 20 sec respectively 
at excess pressures of 10, 20 and 40 mm Hg. This can be said also of the time required 
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Fic. 3. Blood radioactivity during respiration of oxygen at normal pressure (curves / 
and 4); during respiration at an excess pressure of 40 mm Hg with (curves 2 and 5) 
and without a compensating jacket (curve 3). Experiment 17. 


for complete mixing of the intravenously injected sample with the main mass of the 
circulating blood. Thus if the time required for complete mixing was 2:5 min on average 
over all experiments in the case of respiration at atmospheric pressure, then it equalled 


\ 
| | 
Z Jj 4 
min 
1200 
ave. 
: 
+4 


132 D. I. IvANov and G. G. STURUA 


4-5 min in the case of respiration at 20 mm Hg excess pressure. In isolated experiments 
complete mixing, i.e. a relatively constant radioactivity level in the arterial blood, 
was not attained until 7 min after injection of the labelled sample. A still more marked 
displacement of the blood radioactivity curve to the right was observed in the case 
of respiration at 40 mm Hg pressure (Fig. 2). In this experiment the first radioactive 
blood sample was obtained 10 sec after injection of the labelled blood sample under 
normal respiratory conditions; in the case of respiration at an additional pressure 
of 20 mm Hg the first sample of radioactive blood and the sample with maximum 
activity were obtained after 14 and 23 sec respectively, and at 40 mm Hg the first radio- 
active sample was obtained after 17 sec and the sample with maximum activity only 
23 sec after injection of the sodium phosphate. 

In other experiments we obtained some other values for rate of blood flow. 
However the general trend of the changes in all experiments was the same. 


TABLE | 


D Pressure under Time of appearance of blood 

ate 

oxygen mask activity” (sec) 

of experiment  —--— mixing 
(mm Hg) Initial Maximum 


Time of complete 
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The different times recorded in different animals for the appearance of the first 
radioactive sample and the sample with maximum activity under the same pressure 
conditions can evidently be explained by the variation existing between animals and 
also by the depth of narcosis, which are undoubtedly factors affecting our experiments. 

Analysis of the material quoted shows that the blood “activity”’ of animals respiring 
oxygen under increased pressure is different from that of those respiring oxygen at 
normal pressure. This difference lies in the fact that the slope of the rise and fall of 
the blood “activity’’ curve was usually less in the first case than in the second. As a rule 


TABLE 2 


Date | Pressure under Time of pen Time 
; oxygen mask of blood “activity” (sec) of complete Remarks 
of Experiment 
° (mm Hg) Initial Maximum mixing 
7 0 8 12 0 min 40 sec 
24.V1.52 20 uncomp. 12 17 8 min 
+ 40 uncomp. 42 180 6 mi 
+-40 comp. 12 25 | 2 min 30 sec 
0 10 13 min 30sec Arterial blood 
+40 uncomp. 34 2 min 30 sec flow ceased in 
1.VIl +40 comp. 20 | min 30 sec the 4th min and 
60 comp. 18 90 ->3 min respiration in the 
Sth min 
0 12 15 2 min 30 sec 
5.Vil +20 uncomp. 18 28 4 min 
3 mi 
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28.X 0 7 12 | min 30 sec 


+ 40 comp. 


0 
28.X -40 uncomp. 


4 min 


ere 
: 
| 
22 55 4 min 
12 2 min 30 sec 
oe. 2 2 min 30 sec : 
35 50 5 min 
oe 4 +40 comp. 20 29 3 min 
13.XI 0 16 27 2 min 30 sec 
+40 comp. 17 24 


The ‘Oxygen Supply of an Organism in a Highly Rarified Atmosphere 135 


blood in it following systolic failure. The given instance concerns functional insuffic- 
iency of the right ventricle and its incomplete drainage at each systole, since resistance 
to blood flow at the periphery (in the lungs) had increased considerably (Fig. 5). 

On the basis of the results obtained it can be concluded that, in the case of respiration 
of oxygen under increased pressure, conditions were created whereby the rate of blood 
flow was retarded and the time required for mixing of an injected labelled blood sample 
with the main mass of the circulating blood was increased. These changes were directly 
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Fic. 5. Blood radioactivity during prolonged respiration under excess pressure. 
Notation: (/) 1-5 min respiration at 20 mm Hg excess pressure with a compensating 
jacket (2) 20-25 min of the same, (3) atmospheric pressure, (4) 1-5 min at the same 
excess pressure but without the compensating jacket, (5) 25-39 min respiration under 
the same conditions. 


related to the magnitude of the pressure and the duration of respiration under these 
conditions. When a compensating jacket was used these circulatory changes were 
less marked. 

SUMMARY 


(1) A retardation of blood flow was observed in narcotized dogs respiring oxygen 
under pressure in ground level conditions. The time required for the complete mixing 
of an injected sample of labelled blood with the main mass of the circulating blood 
was increased. The extent of these changes was directly proportional to the magnitude 
of the pressure. 

(2) Increasing relative cardiac insufficiency occurred during prolonged respiration 
(up to 30 min) of oxygen under an excess pressure of 20 mm Hg or more. By the end 
of the experiment the rate of blood flow and the time required for mixing of the labelled 
sample were markedly different from the normal values. 

(3) The use of a compensating jacket, exerting a counter—pressure on thorax and 
abdomen equal in magnitude to the pressure under the oxygen mask (and in the lungs), 
had a pronounced positive effect. 
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(4) In the case of unnarcotized animals breathing oxygen under pressure, both 
with and without a compensating jacket, the changes observed in blood circulation 
were fundamentally the same as those observed in narcotized animals. However these 
changes were considerably less well expressed in the former case. 


Translated by C. R. PRINGLE 
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DISCUSSION 


THE ORIGIN OF SOME BIOPOTENTIALS* 


K. V. IAKIMCHUK 
The Turkmen State Medical Institute, Ashkhabad 


(Received 20 February 1958) 


AMONG the many and varied types of bioelectrical phenomena known there are some 
which cannot be explained on the basis of existing theories. Phenomena of this type 
have always attracted the attention of research workers, since they are a test of establish- 
ed opinions and ideas and often serve as a basis for new theories. In our opinion, 
what are known as “geometric bioelectric currents’’ are phenomena of this type. 
The particular features of the geometrical form of those animal and plant tissues which 
are considered as their source are responsible for the origin of these currents. These 
currents were first described and named “inclination currents’> by Dubois-Raymond 
more than a century ago. The attempts of Dubois-Raymond and Chagovets [I] to 
explain the occurrence of these currents on the basis of molecular and diffusion 
theories were not crowned with success. Venchikov [2] later succeeded in demonstrating 
the existence of a potential difference due to diffusion between the apex and base of 
a clay cone, moistened on the surface with a solution of an electrolyte. However, 
repeating Chagovets’s and Venchikov’s experiments on models of various geometrical 
shapes made of fired brick, tile, moist and wet clay, paper, flannel, and other porous 
materials, we found that diffusion potentials occur only in circumstances where there 
are pores free of liquid present on the surface of the body under study. 


* Biofizika 4: No. 2, 250-253, 1959. 
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In studying this phenomenon we were guided by Chagovets’s observation that 
uneven wetting of the surface of a body by an electrolyte solution can be the accidental 
cause of a difference in potential under these experimental conditions. We found that 
unequal opportunity for diffusion of the electrolyte ions in the non-polarizable electrodes 
into the body under study is a necessary condition for the presence of current in the 


circuit. 

As a result of brief wetting of the surface of a moist clay cone with an electrolyte 
solution, the tapered end takes up the solution better than the broad base, where pores 
remain unfilled with fluid and act as an obstacle in the path of diffusing ions. This 
explains the fact that the electrode at the apex of the cone acquires a more negative 
potential than the electrode at the base. If the base of the cone is well irrigated with 
the solution, leaving the apex only slightly moist, then the current in the circuit flows 
in the opposite direction. With careful and even bathing of the whole cone surface 
in the solution no potential difference exists between the two non-polarizable electrodes 
at the apex and the base. 

Since muscle tissue does not contain pores which are free of fluid, it is obvious 
that experiments of this type on porous cone-shaped models cannot serve as proof 
of the possible diffusion origin of currents in cone-shaped muscles. And, consequently, 
a diffusion theory explanation of the nature of “geometrical biopotentials’’ is not 
acceptable. The same can be said of the other existing theories — the membrane, 
interphase and redox theories. At least in the literature available to us we have not 
been able to find any explanations of the nature of “geometrical biopotentials’’ on 
the basis of the aforementioned theories. 


In examining the nature of various bioelectrical phenomena we shall try to develop 
and give experimental foundation to the hypothesis advanced by a number of workers 
that poorly expressed electron conductivity is a property of the dense matter of animal 
and plant tissues. At the same time, contrary to Kometiani [3], who regards the sug- 
gested electron conductivity of cellular membranes to be the result of the activity 
of the oxidative-reductive enzymes contained in them, we regard the dense matter 
of animal and plant tissues as a semi-conductor, i.e. a collection of substances with 
weakly expressed electron conductivity. We base our conclusions on recent investiga- 
tions [4], which have demonstrated the existence of semi-conductive properties in 
a whole series of inorganic compounds. We also suggest that the chains of carbon 
atoms which are the basis of a whole series of large organic molecules, possess semi- 
conductive properties. 

Geber [5] and Landua [6] have pointed out the similarity between the electrical 
properties of the dense matter of various tissues and the properties of first class con- 
ductors. Korr [7] confirmed directly the existence of electron conductivity in cell 
membranes, pointing out at the same time that electron conductivity is a property 
not only of metals, but also of other substances, for example carbon. Ernst [8] came 
to the conclusion that “in every case excitation can to a certain extent be regarded as 
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an electron process’. The findings of a whole series of other workers likewise indicate 
that the dense matter of living tissues is endowed with semi-conductive properties. 


Results obtained by us indicate that true “geometric potentials’’ are not restricted 
only to cone-shaped muscles, but can be found also in various tissues of plant origin, 
and that they can be obtained as a result of the contact of non-polarizable electrodes 
with the blunt and pointed ends of various geometric figures made of metal or graphite, 
i.e. from conductors with electron conductivity. We consider this fact to be an indirect 
proof of the possible existence of weakly expressed electron conductivity in animal 
and plant tissues. 


METHODS 

rhe technical procedure of our investigations was as follows: squares, circles, wedges, 
rhombuses, triangles and other shapes were cut from water melon rind, young potato 
tubers and other plant tissues. Shapes of identical form and size were cut out of tin, 
iron, brass, copper, lead and stainless steel, and also from thick paper shaded on one 
side with ordinary pencil. 

Non-polarizable electrodes were placed at the pointed end and the middle of the 
object under study. The difference in potentials between them was measured by the 
well-known compensation method. The direction of the current in the circuit was 
determined by the direction of deflection of the pointer of a type F mirror galvanometer. 
The absence of extraneous currents in the circuit was checked before each experiment 
by plunging the ends of both electrodes into a saturated solution of copper sulphate. 

In order to avoid a possible difference in potential due to inhomgeneity of the 
surface of the metal objects, the surface of the metal at the points of contact of the 
non-polarizable electrodes was cleaned with fine emery paper and wiped with clean 
gauze before each experiment. As a result extraneous currents due to the above cause 
were observed in isolated cases only. 

In the experiments about to be described we used non-polarizable electrodes of 
our own construction which exhibited high working stability and generated virtually 
no potentials of their own. The construction of these electrodes was as follows: small 
glass tubes, tightly plugged with cotton wool, were inserted in the end of a thin rubber 
tube about 12 cm in length. The whole tube system was filled with a saturated solution 
of copper sulphate. One end of the system was applied to the object under study, 
and the other was dipped in a solution of saturated copper sulphate contained in a 
200 ml glass vial. A copper wire, | mm in diameter, and stripped of insulation was 
also placed in this solution to connect the electrode to the circuit of the measuring 


device. 


These electrodes generated no potentials of their own in certain fixed conditions 
only — the insulation-free ends of the copper conductors had to have an identical 
surface of contact with the electrolyte solution and to be completely free of conta- 
minating substances. In addition it was necessary that both electrodes should contain 
electrolyte solutions of identical volume, temperature, concentration and ion content, 
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and that the electrodes should not be subject to shaking during operation. The slide- 
wire potentiometer used by us also possessed special features. The wire was 2 m in 
length and was folded in two. Copper leads were soldered on to the ends of the wire, 
which were 5 mm apart, with tin and rosin in order to connect the wire with the general 
circuit of the measuring apparatus; both soldered joints were covered with asbestos 
so that no extraneous thermo-current would arise in the thermo-couple circuit so 
formed. A 200 mV voltage was fed on to the ends of the wire. Only the working portion 
of the wire, a length of about | m, was graduated. We used a contact probe in place 
of the usual sliding contact, since the latter causes a thermo-current due to heat induced 
by friction of the slide on the wire. The probe consisted of an 8 cm piece of constantin 
wire, of which one end was attached to the potentiometer wire and the other was 
soldered to a copper wire which connected the probe to the circuit. The soldered 
junction was insulated with asbestos and fixed in a wooden holder. 


ANALYSIS OF THE EXPERIMENTAL RESULTS 


We carried out more than two hundred experiments with various geometrical shapes 
made from the materials described above. In the overwhelming majority of cases 
(about 96 per cent) the non-polarizable electrodes at the pointed ends of the geometrical 
figures studied were negatively charged, and the electrodes at the middle or the blunt 
ends were positively charged. The magnitude of the potential differences in the 
conditions of our experiments varied from 5 to 26 mV and more. 


It should be emphasized particularly that “geometric potentials’ of biological 
and non-biological origin were commensurate, since both reached values of several 
tens of millivolts. This suggests that a single physicochemical! process, in which a first 
class conductor must participate, lies at the root of all “geometric potentials’, and 
consequently, that animal and plant tissues must possess at least a weakly expressed 


electron conductivity. 


If any iron object is placed in a solution of copper sulphate for a few seconds, 
it can be observed without difficulty that copper is deposited sooner and more extensively 
on its pointed ends and edges, than on its blunt rounded portions. This becomes even 
more noticable if a direct current is passed through the solution, using the iron object 


as the cathode. 


From these observations we suggest the following explanation of the mechanism 
of origination of “geometric potentials’ as a working hypothesis. According to a well- 
known law of electrostatics, electrical charges on the surface of a cone-shaped first 
class conductor are distributed in such a manner that the maximum density of surface 
charge is localized at the apex, i.e. the region with the highest surface curvature (Krug [9], 
Sokolov [10]). 

It can be supposed that in an uncharged cone-shaped first class conductor the 
free electrons are likewise unequally distributed, and that their content is higher in 
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the region of the apex than around the base. In such a case an excess of electrons at 
the apex must facilitate the deposition there of the electrolyte cations, present in the 
non-polarizable electrode in contact with it. And this means that during the same 
interval of time the solutions of both non-polarizable electrodes lose different numbers 
of cations, and as a result some difference in potential develops between them. 

“Geometric biopotentials”’ are found not only in experiments with various geometric 
shapes made from animal and plant tissues, but also in the body of man and other 
animals. Thus for example, in 1827 L. Nobili detected a current flowing from the 
periphery to the centre in the body of a skinned frog. He called this current “the inherent 
current of the frog’’. The latter, in our opinion, is not the sum of the individual nerve 
and muscle currents, as Landua [6] has described it, but is in fact a typical “geometrical 
bioelectric current’. 

In the human body these currents can be obtained by placing one of the non- 
polarizable electrodes in the middle of the back of the hand or the forearm, and the 
other electrode at the end of one of the fingers of the hand. In the vast majority of 
cases the distal electrode acquires a negative potential, and the proximal a positive 
potential. We detected a difference in potentials reaching a value of 20-25 mV. On 
the palm of the hand “geometric biopotentials’’ are often masked by the secretory 
bioelectric currents of the skin or by bioelectric currents arising as a result of contact 
of the non-polarizable electrodes with unequally heated or differentially cornified sectors 
of the skin surface. 


Finally we consider that the strongest “inclination currents’ occur as the result 
of a combination of conditions suitable for both alterative and “geometric’’ bioelectric 
currents. 


SUMMARY 


(1) Existing theories cannot explain the origin of the bioelectric currents known 
as “cone-shaped muscle currents’’, “animal body currents’, “inclination currents’’, etc. 

(2) Since the geometrical form of the animal and plant tissues regarded as their 
source is responsible for the origin of all these bioelectric currents, we suggest that 
all these currents should be termed “geometric”’. 

(3) Contact of non-polarizable electrodes with the blunt and pointed end of a first 
class conductor is a necessary condition for the occurrence of “geometric currents’. 

(4) This difference in “geometric potentials’’ can be explained as due to a difference 
in the ion-reduction processes at the points of contact of the non-polarizable electrodes 
with the cone-shaped conductor. 

(5) The presence of “geometric bioelectric currents’’ can be considered an indirect 
proof of the existence of a weakly expressed (semi-conductive) electron condictivity 


in the dense matter of animal and plant tissues. 
Translated by C. R. PRINGLE 
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REVIEW 


A. S. TROSHIN * + 
PROBLEMA KLETOCHNOI PRONITSAEMOSTI. 
(THE PROBLEM OF CELL PERMEABILITY) 


The late D. N. NASONOV 


THE cell permeability problem has existed in physiology for about 80 years. During 
this time many extensive papers and review articles on this subject, with reference lists 
comprising hundreds of papers, have appeared. Up to the present, however, no book 
on this subject from the pen of a Soviet author had been published. Troshin’s book 
is the first Russian original contribution to the problem of cell permeability. It is 
an exhaustive review of all that has been written on this subject in the literature of the 
world, and it also contains a large amount of the author’s own experimental material. 
On the basis of all this data, the author is critical of the membrane theory current 
in modern science and in place of it he suggests a new theory —a sorption theory. 


* TROSHIN, A. S., Problema kletochnoi pronitsayemosti. p. 474. Izd. Akad. Nauk SSSR, Moscow-— 
Leningrad, 1956. 
+ Biofizika 4: No. 2, 254, 1959. 
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What is known as the membrane theory of cell permeability has dominated 
physiology from the appearance of the first work on cell permeability, in the last quarter 
of the last century, to the present time. Modern ideas of the penetration of substances 
into the cell and of their exit from it are based on this theory, as also are modern ideas 
of bioelectrical phenomena, cell excitation and its propagation, narcosis, ete. 

Basing his conclusions on his own extensive material, obtained mainly by methods 
involving determination of equilibrium conditions and the use of labelled atoms, 
and on the latest published data, Troshin has demonstrated with great persuasiveness 
the inadequacy of the membrane theory, not only in its classical form, but in its 
modernized version — the “cell pump” theory. 

[he sorption theory proposed by Troshin is based on the following well established 
propositions. 

(1) Protoplasm is a coacervate system. 

(2) All its water is in a bound state and consequently has different solvent properties 
from the water of the medium. With respect to the water of the medium, the water 
of the protoplasm is immiscible with its liquid phase. 

(3) Many substances, including electrolytes, are considerably less soluble in the 
water of the protoplasm than in the surrounding water. 

(4) All substances, soluble in water, freely permeate into protoplasm. 

(5) Substances can be found in three states in the protoplasm: in free solution, 
in an adsorbed form, and in chemical combination with the substrate. 

From these propositions Troshin ably explains most of the phenomena connected 
with cell permeability, without resorting to a hypothesis of semi-permeable boundary 
membranes, and because of this is able to surmount a number of the difficulties and 
contradictions which are inherent in the membrane theory at the present time. 

Troshin’s book is the most complete review of work on permeability known to 
me at the present time (more than 1500 references are reviewed). It is also a fundamental 
analysis of a completely new theoretical conception of cell permeability. The con- 
clusions arrived at by the author compel physiologists to re-examine a number of the 
established theoretical concepts underlying many departments of contemporary general 
physiology. 

Besides its theoretical interest Troshin’s book is of undoubted practical value 
as a complete reference book for medical and agricultural workers. 

What has been mentioned makes it certain that this book will be of considerable 
interest to a wide circle of biologists. 

Translated by C. R. PRINGLE 
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q NIKOLAI TIKHONOVICH FEDOROV 
IN MEMORIAM* 


N. T. Feporov is no more. Death has deprived us of one of the most eminent persona- 
lities in modern physiological optics, a discipline to which he contributed much that 
was new. We have lost a great scientist. He was a man of tireless energy, a research 
worker who went on planning his future work until the day he died. Now that death 


3 

8 

a 

A 

oa has taken him for ever, and we can see Fedorov’s scientific achievements clearly, our 
“i awareness of the great contribution he made through his life and work makes us feel 
3 his tragically sudden death all the more acutely. 

er Fedorov worked all his life in the field of biophysics and the physiology of vision. 
- This branch of science developed out of the need to solve a wide variety of acute 
4 practical problems. Physiological optics is concerned with an exceptionally wide field. 
- Painting, the decorative arts, the arts of the theatre and cinema, lighting engineering, 
ee instruments and tools for the study of nature, medicine — all these widely different 

- * Biofizika 4: No. 3, 257-262, 1959. 
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practical purposes long ago gave man the impetus to study the laws of visual perception. 
It is no mere coincidence that so many great minds have worked in physiological optics. 
Among those who created this branch of science, we find Leonardo da Vinci, Descartes, 
Lomonossov, Goethe, Helmholtz, Maxwell, Vavilov, Ewald, Goering, Orbeli, and 
many others. This subject has constantly been an arena of controversy around specula- 
tions about the nature of phenomena, and a background of learned disputes. It is 
a sphere in which science and art come so close together that the work of the scientist 
has invariably reflected the splendours of art, while the thoughts of the painters and 
poets who have created the subject have been moulded into the strict forms of science. 
Fedorov too was drawn to this discipline. 

Nikolai Tikhonovich Fedorov was born in 1893. He was the son of an eye specialist 
who spent almost his whole professional life in the Riazan Municipal Hospital. The 
young Fedorov entered the faculty of physics and mathematics at the University of 
Moscow, and a year later transferred to the mathematics department, from which 
he graduated in 1915, having specialized in physics. 

Fedorov’s university career coincided with dark days in the history of the Uni- 
versity, which was suffering from the wave of reaction that flooded Tsarist Russia 
at that time. The best scientists had abandoned their chairs in protest against the 
repression. Young Fedorov, who had been attracted to independent research while 
he was still a student, found an outlet for his scientific interests outside the University; 
he began to work in the laboratory of one of the few public scientific foundations 
of that period, the Shaniavsky University, under P. P. Lazarev, a talented pupil of 
Pyetr Nikolayevich Lebedev. 

Lazarev, who was himself an outstanding member of Lebedev’s school, had become 
interested at that time in the biophysical problems of nervous excitation and the act 
of vision. He started forming his own school, which subsequently became the Soviet 
school of biophysics. Fedorov was one of his first, and later one of his closest followers. 
Many years afterwards, he would recall that “under the influence of Academician 
Lazarev and S.1. Vavilov, who was then also working with Lazarev, I decided to 
specialize in the biophysics of vision and physiological optics’. 

Fedorov never broke with physics. In his youth he lectured at a number of institutes 
of higher education in Moscow. From 1942 until his death he held the chair of Physics 
atthe Kirov Military Medical Academy, founded at the end of the eighteenth century by 
V. Petrov. With the help of his staff, he organized the teaching work with great distinc- 
tion, modernizing both lectures and practical work. Always true to the fundamental 
tenet of Soviet science — close attention to practice — Fedorov did much to make 
the teaching as useful as possible to doctors by taking the initiative of instituting 
a course in medical physics. Fedorov’s experiment deserves careful study and extensive 
application in the medical institutes of our country. Its value is that it has given tangible 
form to physics for the physician — iatrophysics — which acquired a definite content 
and now includes substantial elements of biophysics. 

Fedorov also remained a physicist in his research on colorimetry. This was the 
key to his success in his work on the formal theory of colours and the practical applica- 
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tions of colorimetry. He began research in this field in the nineteen-twenties, publishing 
his basic results in the journals Uspekhi fizicheskikh nauk (Progress in the Physical 
Sciences), Zhurnal prikladnoi fiziki (Journal of Applied Physics), Jzvestiia tekstil’noi 
promyshlennosti (Textile News), Doklady Akademii Nauk (Reports of the Academy 
of Sciences), Svetotekhnika (Lighting Engineering), and a number of other Soviet 
and foreign publications. Two of his monographs, “Modern Research on Colorimetry”’ 
and “A General Course on the Science of Colours’’ (1935), proved to be the best 
textbooks of the time in this particular field. Fedorov remained a physicist in his 
research on the physiology of the eye and in particular on colour vision; his experiments 
were accurate and were performed with perfect equipment; the results were quanti- 
tatively evaluated and mathematically processed. 

Many of his inventions have become widely known: for example, the radioactive 
adaptometer, the spectral adaptometer, the trichromatic colorimeter, the clinical and 
field adaptometer, and others. 

A widely cultured natural scientist, Fedorov saw the essence of his work as reaching 
beyond the investigation of problems in colorimetry. 

He explored certain quantitative laws of vision, and verified the applicability of the 
Bunsen—Roscoe-Talbot law to visual conditions at low light intensities (1918). He 
was well aware that the problems of colour vision were decisive for the science of 
colours, and for many years his attention was concentrated on these problems. 

Fedorov had a deep understanding of the problems of colour. Having set himself 
the task of exploring the mensuration of colour, he made a critical assessment of the 
existing scientific position, in particular with respect to the utilization of elementary 
colour mensuration; he became interested in the new ideas put forward by E. Schrédinger 
with regard to the construction of an advanced system of colour measurement directed 
towards determining almost imperceptible differences in hue luminosity and saturation, 
and immediately noted the essential element in these ideas: namely, the necessity of 
operating on the basis of exact knowledge of the direction of the three basic axes in 
the colour range. Taking primary colours in the physiological sense, Fedorov brilliantly 
demonstrated that one way to solve the problem entailed the necessity of determining 
what form of primary colour stimuli to the eye corresponded to the physiological 
realities. Pioneer work was done in this field by N. T. Fedorov and V. I. Fedorova, 
in 1935, with their attempt to find a new method for plotting the primary colour 
stimuli curves. This method consisted in artificially causing temporary colour blindness 
to red or green and measuring, during this period, the brightness distribution in 
the spectrum of the temporarily dichromatic subject. Having plotted the composition 
curves for 680, 517 and 480 mu, the authors then modified these curves by varying 
the initial colours in such a way as to obtain the best possible approximation of the 
green and red curves to the findings obtained by the artificial colour blindness method. 
The curve for blue was also changed, and the result was the now accepted N.T. and 
V. 1. Fedorov curves for the three primary colour stimuli. 

After critically examining the findings of a number of authors who had tried to 
find curves corresponding to physiologically real ratios, Fedorov pursued his research 
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along original and highly promising lines, which enabled him and his colleagues to 
determine the location of four points of intersection of the three primary stimuli curves 
R, G, B. The data obtained made it possible to determine more accurately the spectral 
characteristics of the three main photo-receptors of the cone system of the retina. 

Fedorov found his hypotheses confirmed when he studied contrast phenomena. 
This extremely interesting and rewarding research was carried out in 1944 and 1945. 
Contrast phenomena had already been extensively studied by a number of authors. 
Fedorov, however, planned his own original research programme, and succeeded 
in carrying it through. He and his staff made a systematic study of the relationship 
between complementary colours and simultaneous, as well as successive, contrast. 
The Fedorovs had already investigated the so-called Abney effect, that is, the interrela- 
tion between complementary colours and simultaneous contrast colours, but Fedorov 
now had at his disposal new and much more advanced equipment for his experimental 
programme, in particular, a large-size apparatus for mixing the Helmholtz—K6énig-— 
Bechstein colours. 

The simultaneous contrast colours caused by the action of a stimulating colour 
on the eye are different from the complementary colours which are caused by excitation 
with the same colour. The measurements made it possible to determine accurately 
the difference in wave-length between the complementary and the simultaneous contrast 
colours. The curve constructed from the figures obtained intersected the x-axis at 
four points, three of which were determined experimentally around 400, 500 and 
540 mu (1948). 

Not content with these results, Fedorov refined his experiment by studying the 
relationship of a successive contrast to the complementary colour. Given a particular 
colour, it was necessary to watch for the after-image and, during the few seconds of 
the existence of this changing sensation, match it with a colour indistinguishable from 
the contrasting one. This determined the contrasting colour in the after-image. 

As a result of several series of such experiments, the wave-lengths of the colour 
contrast in the successive image were determined for practically the whole visible 
spectrum. This research confirmed the results of earlier experiments, i.e. the existence 
of substantial differences of hue in the stimulating and the contrasting colours in 
a successive image. 

[he findings approximated to those which the Fedorovs had obtained in their 
earlier experiments. Not only did the 1948 experiments serve to check the earlier tests; 
they also made it possible to establish experimentally the point B which determines 
the position of the primary blue excitation. Fedorov’s invariable quest for precision 
led him to revert to the same subject in his joint research with V. V. Skliarevich, when 
he made the completely reliable discovery of the existence of the three special points 
over a wide spectral interval (1955). This seemed to complete his planned cycle of 
research projects on one of the basic problems of advanced colorimetry, the true 
spectral characteristics of the retinal colour receptors. For an investigator of Fedorov’s 
calibre, however, the completion of this phase of the work was only an incentive to 
further research. He now sought a quantitative explanation for the sensitivity of the 
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eye to variations in saturation, hue and so on. To Fedorov’s mind, of course, this 
had to be quantitatively linked up with the true physiological curves of the three primary 
colour excitations. This problem he solved together with V.V. Skliarevich, 
M.A. Iuriyev and O. F. Mashirova (1955). 

Proceeding from the basic postulates of advanced colorimetry, Fedorov calculated 
the saturation of the spectral colours. The curve thus plotted showed satisfactory 
coincidence with experiment findings over practically the entire range of the visible 
spectrum. The theoretical curve, however, showed two minimum saturation points, 
one of which, in the long-wave region, coincided with the experimental data, whereas 
the second one, located in the short-wave part of the spectrum, did not correspond 
to them; the minimum saturation point found by experiment was displaced towards 
the longer wave-lengths by comparison with the theoretically determined point. The 
authors confirmed the existence of this discrepancy, thereby determining the spectral 
region where the use of advanced colorimetry for the study of perception gives good 
agreement with experiment. 

One important result of the Fedorov school’s work was the corrections it provided 
for the mean relative visibility curve adopted by the International Commission on 
Illumination. This work was carried out with an exceptional degree of precision, 
thanks partly to the utilization of a large-type Helmholtz apparatus for colour-mixing 
and partly to reliable measurement of the energy distribution in the beam of light 
emerging from the collimator. As a result, it was found necessary to introduce correc- 
tions in the curve for the short-wave region of the spectrum. In Fedorov’s view, the 
errors had arisen because certain optical properties of the eye had not been adequately 
allowed for. 

This part of Fedorov’s work shows him to have been one of the most highly original 
pioneers in the field of advanced colorimetry. The outstanding fact is that throughout 
the entire series of these researches, which took many years to complete, his guiding 
purpose was to achieve the closest possible approximation to reality :that is, to provide 
the most correct quantitative explanation of the facts of human perception of colour. It 
was no accident that he had this approach; it was a logical consequence of his philosophic 
outlook as a consistent, dialectically thinking student of nature. A master of dialectical 
materialism, Fedorov invariably based his thinking on the concrete facts of the phy- 
siology of sight. A biophysicist, in the fullest sense of the word, he studied the physical 
aspect of phenomena by quantitative methods in order to discover the biological 
mechanisms involved. Hence his unflagging concern with the essence of the physio- 
logical process and his constant striving for the deepest possible understanding of 
its mechanism. 

Fedorov started work in this second sphere of interest by carrying out a series of 
researches on the alteration of colour vision under conditions of hypoxia. This work 
was carried out under the difficult conditions of high altitude ascents of the Elbrus. 

Fedorov continued by studying the role of synaptic formations in a number of 
processes occurring in the visual analyser. Together with L. I. Mkrtycheva, he studied 
the influence of strychnine solution injections on variations in the critical frequency 
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of the blending of flashes in the dark. It is known that, under ordinary observational 
conditions in the dark, the critical frequency of blending flashes increases. Under 
the influence of strychnine, this adaptation effect disappears and the critical frequency 
remains unchanged both in the light and in the dark. Under the influence of strychnine, 
it was noted that another phenomenon, which is characteristic for the adaptation of 
the eye to the dark, also disappears: that is, there is a higher threshold of sensitivity 
to an electrical excitation. 

Generalizing the findings obtained by the staff of the physiological optics labora- 
tory at the Central Institute of Epidemiology and Bacteriology, Fedorov advanced 
the hypothesis that the results obtained indicated that the condition of the synapses 
played a part in their origin. He also ascribed substantial importance to the synapses 
in interpreting the fact, which he had observed, that light adaptation exerted a favourable 
influence on the development of simultaneous light contrast phenomena (1948). 

On the basis of his profound knowledge of the physiology of the nervous processes, 
Fedorov invariably insisted on the importance of the function of the eye. He regarded 
his findings on the intensity modification of simultaneous colour contrast under the 
influence of the passage of an electric current through the eye as a consequence of 
the development of the perielectrotonic phenomena discovered by N. E. Vvedenskii 
[Wedensky]. Fedorov had no doubts that the physiological mechanism of contrast 
phenomena was induction, the effect which Pavlov and his school had so carefully 
studied in the cerebral cortex. 

Fedorov’s constant endeavour to serve practical requirements impelled him to 
undertake much research work in conjunction with clinicians, physiologists and 
pharmacologists, to participate in the solution of a number of problems in lighting 
engineering and to work on matters relating to national defence. The work he did 
in collaboration with A. J. Samoilov and V. G. Davydov is of great interest. By using 
the method of determining the sensitivity of the eye to an electric current, they were 
able to obtain new data of clinical value on the pathogenesis of retinal oedema and 
glaucoma. The joint work done by N. T. and V. I. Fedorov in making a close study 
of the interesting fact that the presence of a source of light in the field of vision causes 
variations in the colour fields of vision has been of great value in lighting engineering. 

It is quite impossible to summarize all Fedorov’s creative work in the space of 
a brief article. 

Always a friend to young people, he was invariably ready to teach and never kept 
his theories or his plans a secret. At the same time he could be firm and demanding, 
when it appeared to him that the interests of science were in any way at stake, and 
would always rise passionately to their defence. 

Fedorov was a public figure in the world of science; he established many labora- 
tories during his lifetime, and organized and trained many teams of scientists in the 
fields of biophysics and the physiology of vision. 

Fedorov was a very active member of the Commission on Physiological Optics, 
organized conferences on this subject, and was a close colleague of M.I. Averbach, 
L. A. Orbeli, S. I. Vavilov and K. M. Bykov. In recent years he undertook the entire 
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editorial responsibility for Problem fiziologicheskoi optiki (Problems in Physiological 
Optics). 

He will long be remembered as a man who never pursued private interests apart 
from those of the community, as a great scientist and an ardent patriot of his socialist 
country, whose devotion to his beloved science was constant to the end. 


A. V. LEBEDINSKY 
Translated by K. Syers 


THE ELECTRON PARAMAGNETIC RESONANCE SPECTRA 
OF BIOLOGICAL OBJECTS 


lil. THE EFFECTS OF IONIZING RADIATION ON NUCLEIC ACID 


SHENG PEI-KEN, L. A. BLIUMENFEL’D, A. E. KALAMANSON and A. G. PASYNSKII 


Anisotropic Structures Laboratory, Academy of Sciences of the U.S.S.R. Moscow, 
and Bakh Institute of Biochemistry, Academy of Sciences of the U.S.S.R., Moscow 


(Received 27 February 1959) 


ELECTRON paramagnetic resonance (e.p.r.) methods are now much used in studies 
on free radicals in biological material. We can detect, assay, and in some cases identify, 
radicals in this way. Several recent reviews deal with e.p.r. in biology [1-3]. The numbre 
of papers on the e.p.r. spectra of native plant and animal tissues increases every year 
[4-10], as does the number of papers on free radicals in enzyme processes [9, 11-13]. 
The data show that the free radicals have a close relation to biological activities, and 
the study of them gives rise to far-reaching deductions about the mechanisms of 
processes such as photosynthesis and biological oxidation. Miyagawa et a/. [14] suppose 
that these free radicals can serve to trap molecular oxygen; Gordy [15] supposes that 
free radicals may be a cause of mutations and cancer. 

The e.p.r. spectra of the free radicals produced in biological objects by radiation 
have also been studied. Combrisson and Uebersfeld [16-18] were the first to detect 
the e.p.r. spectra of amino acids and carbohydrates that had been irradiated in a nuclear 
reactor; Gordy has given data on the e.p.r. spectra of X-irradiated amino acids [19-22], 
peptides [23, 24], proteins [19, 25], keto- and hydroxy-acids [26], carbohydrates and 
cellulose [27], hormones and vitamins [28], and nucleic acids, nucleosides and nucleoti- 
des [29]. The e.p.r. spectra of y-irradiated starch and cellulose [30] have been published, 
and data have been given on the relative yields of free radicals from y-rays, fast neutrons 
and a-particles [31]. 

Two of the present authors have previously [32-36] studied systematically the 
e.p.r. spectra of y-irradiated amino acids, peptides, proteins and freeze-dried tissues. 


* Biofizika 4: No. 3, 263-274, 1959. 
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The results did not always agree with Gordy’s; the probable reasons have been discussed 
[36]. In general, amino acids and peptides give broad strong e.p.r. lines with fine 
structures, whereas proteins give weak narrow structureless lines in the native state: 
prior thermal denaturation increases the strength of the signal by several powers of 
ten. These differences between proteins and amino acids have been interpreted as 
perhaps being caused by the unpaired electrons being delocalized along conduction 
channels, which may be located on the hydrogen bond chains, which latter run transverse 
to the main peptide chains. 

We give here some systematic data on the e.p.r. spectra of y-irradiated purines and 
pyrimidines, nucleic acids and other compounds, which data are intended to reveal 
how the macrostructure of the nucleic acids affects the unpaired electrons produced 
by the radiation. The data also throw light on the effects of complexing the nucleic 
acids with proteins and other compounds on the acids’ resistance to irradiation. 


METHODS 


(/) E. P.R. spectra. These were recorded on an e.p.r. apparatus made in the Labora- 
tory of Anisotropic Structures to a design developed by A. G. Semenov at the Institute 
of Chemical Physics*. The spectrometer operates on the transmission system, with 
double field modulation and automatic klystron tuning to the cavity. The e.p.r. 
spectrum is recorded on a pen recorder. The high-frequency (975 kc/s) modulation 
is effected with a special slotted cavity. A penoplast vessel placed in the cavity was 
used at liquid-nitrogen temperatures. The sensitivity to diphenyl picryl hydrazyl 


(DPPH) is 5x 10~!2 mole. The DPPH signal was used as reference for the g-factor; 
the magnetic field was calibrated with a proton resonance meter. Specimens with 
known splittings between the fine structure components (y-irradiated alanine) were 
used to calibrate the splitting. The unpaired-electron concentrations were measured 
relative to known amounts of DPPH by graphical integration. 


(2) Materials. Cytosine, uracil, 5-bromouracil, adenosine 5-phosphate, guanylic 
acid, uridylic acid, ribose 5-phosphate and adenosine triphosphate tetrasodium salt 
(ATP-Nag) were obtained from L. Light and Co. Ltd, England; guanine and RNA 
(yeast) from E. Merck, Darmstadt; cytidylic acid from British Drug Houses; d-ribose 
from Eastman Kodak, Rochester, N.Y.; dihydrostreptomycin sulphate from Merck 
and Co. Ltd; the DNA was imported from Great Britain, and the ATP came from 
the Ivanov Meat Combine. 

Tropomyosin was extracted from rabbit muscle by Bailey’s method [37]. Nucleotro- 
pomyosin was extracted from pigs’ hearts by Sheng and Tsao’s method [38]. Measured 
amounts of tropomyosin, serum albumin (SA) and egg albumin (EA) were precipitated 
from aqueous solution with equal volumes of a 10 per cent solution of trichloracetic 
acid (TCA), and were then centrifuged off and dialysed against water; they were then 
freeze-dried. The artificial complex between RNA and serum albumin (complex I) 
was made as follows. We mixed 60 ml of a 0-8 per cent solution of yeast RNA with 


* We wish to thank A. G. Semenov for his assistance in constructing our apparatus. 
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24 ml of a | per cent solution of serum albumin and 16 ml of N acetate buffer (pH 3-8), 
which buffer contained 5-6 per cent sodium chloride. The precipitate was centrifuged 
off and was washed several times with suitable amounts of buffer, diluted appropriately 
with water. The residue was dialysed against water until the inorganic materials had 
been removed completely, and then freeze-dried. The artificial complex between 
RNA and egg albumin (complex II) was made by mixing 35 ml of the 0-8 per cent 
solution of yeast RNA with 20 ml of a 1 per cent solution of egg albumin and 19 ml 
of citrate-phosphate buffer. made by mixing 1-24 ml of 0-2 M Na,HPO, solution 
with 18-76 ml of a solution of citric acid. The precipitate was centrifuged off and 
was washed several times with suitable amounts of buffer, diluted appropriately with 
water. The residue was dialysed against water until the inorganic materials had been 
removed completely, and then freeze-dried. 

These two complexes were also made in another way [39]. The RNA SA 
(complex III) was made by mixing 21 ml of a | per cent solution of serum albumin 
with 45 ml of a 0-2 per cent solution of RNA and 12-6 ml of N acetate buffer (pH 4-0), 
which buffer contained 5-6°/) NaCl; the RNA + EA (complex IV) was made by 
mixing 24 ml of a 1 per cent solution of egg albumin with 45 ml of a 0-2 per cent 
solution of RNA and 13-1 ml of the same buffer. The subsequent treatment was the 
same as for complexes | and II. 


The complex between DNA and dihydrostreptomycin sulphate (DHSS) was made 
by mixing 10 ml of a 0-5 per cent solution of DNA with 10 ml of a | per cent solution 
of DHSS, which mixture was then freeze-dried. The nucleic acids and nucleoproteins 
were assayed for nitrogen content by Kjeldahl analysis followed by Nessler’s reagent, 
and for phosphorus by a colorimetric method [40] with ascorbic acid as reductant. 

A.M. Tongur made the DNA from thymus glands. Professor Tsao T’antsin, 
of the Institute of Biochemistry, Chinese Academy of Sciences, gave us the guanine 
and cytidylic acid, while Professor Bukin, of the Bakh Institute of Biochemistry. 
Academy of Sciences of the U.S.S.R., gave us the ribose. The specimens were all 
irradiated in vacuo to doses of about 2 107 r at the Karpov Institute of Physical Che- 
mistry. We are indebted to these individuals and organizations for their assistance. 


RESULTS 


(1) Room-temperature studies. None of the materials gave an e.p.r. spectrum before 
it was irradiated: the DNA preparation, and complexes III and IV gave very broad 
absorption lines (thousands of oersteds. wide). In the latter cases the normal e.p.r. 
lines appeared on this broad background when the materials had been irradiated. 
We shall in future deal only with the signals produced by the radiation treatment. 
These broad backgrounds demand a special study. 

The results are given in Table 1, where 4H,, denotes distances between points 
of maximum slope, 1H,_, distances between peaks i and k, and 4H,,, the distance 
between extreme components. All the signals had almost the same g-factor as DPPH 
has. 
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Fic. |. The e.p.r. spectrum of 
y-irradiated uracil. 


Fic. 3. The e.p.r. spectrum 
of y-irradiated guanylic acid. 


Fic. 2. The e.p.r. spectrum 
of y-irradiated adenosine 
5-phosphate. 
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Fic. 5. The e.p.r. spectrum of y-irradiated 


Fic 4. The e.p.r. spectrum of 
uridylic acid. 


y-irradiated cytidylic acid. 
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Fic. 7. The e.p.r. spectrum of +-irrad- 
iated ATP-Nag. 
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Fic. 6. The e.p.r. spectrum of y-irradiated 
ATP. 


Fic. 9. 


The e.p.r. spectrum of »y-irradiated 
serum albumin previously treated with TCA. 


FiG. 8. The e.p.r. spectrum of »-irrad- 
iated d-ribose. 


Fic. 10. The e.p.r. spectrum of y-irradiated RNA. = 
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Fic. 11. The e.p.r. spectrum of y-irradiated cytidylic acid at 77°K. (a) Microwave power ~ 10 mW 
(b) Microwave power ~~ 1 mW. 
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FiG. 12. The e.p.r. spectrum of y-irradiated guanylic acid at 77°K. (a) Microwave power ~~ 2:5 mW 
(b) Microwave power ~ 1 mW. Saturation could not be avoided entirely. 
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[he e.p.r. spectra were usually recorded in vacuo, though we found that oxygen 
had no detectable effect on the spectra. Two specimens (of adenosine 5-phosphate 
and of uridylic acid) were kept in air for 4 months but the e.p.r. spectra did not change 
appreciably. 

(2) Studies at liquid-nitrogen temperature. The samples were all used at 77°K, at 
which temperature most of the lines were clearly saturated and distorted; the fine- 
structure was thereby obliterated. The microwave power was reduced by a factor 
of 10-20 in order to avoid this saturation. Figures 11 and 12 show spectra that illustrate 
this effect. In some cases (especially with TCA-treated proteins) the components 
were resolved better at this temperature. 


DISCUSSION 


Our main object was to compare the spectra of the simple compounds with those 
of the nucleic acids. The following general features were found. The pure pyrimidine 
and purine bases gave narrow lines (4H,, = 5-10 oersteds) as weak singlets, with 
about 10!7 particles/g at this dose. Such signals are typical of aromatic and heterocyclic 
compounds. Nucleotides usually gave broad signals with structures extending over 
50-100 oersteds. These structures occur because the unpaired electron interacts with 
the protons. The signals were usually much stronger, and corresponded to about 10! 
particles/g. Native nucleic acids gave weak narrow signals (4H,, = 9 oersteds) which 
corresponded to 10!° particles/g. Ribose and ribose 5-phosphate gave very strong 
signals (some 10!9 g). The molecular weights were such, however, that the ratio of 
free radicals to molecules was 3-8 1073 for ribose (mol. wt. = 150), which means 
one radical per 260 molecules, and 0-1 for DNA (mol. wt. ~ 6 10°), which means 
one radical per 10 molecules. Thus the nucleic acids are more sensitive than their 
component parts, molecule for molecule. It may be that the yield of free radicals is 
reduced, and the fine-structure lost in DNA because, as in proteins [32-34], the unpaired 
electrons are delocalized on a network of hydrogen bonds, on which they stand a greater 
chance of recombining with holes. 

In some cases our e.p.r. spectra differ from those given by Gordy and Shields [29], 
who found, for example, that guanylic acid at first gave a triplet which became a singlet 
in air, and that cytidylic acid gave a singlet. In both cases we found very much more 
complex spectra, and no oxygen effect, even over 4 months. It may be that the difference 
arises because our samples were given hard y-rays, whereas Gordy et al. used fairly 
soft X-rays. This explains the slight differences in the spectra from RNA and DNA. 
We did not find the weak satellites Gordy et a/. [29] mention. We have remarked on 
the relation of e.p.r. spectrum to type of radiation before [36]. The complex spectrum 
found with guanylic acid may be caused by a triplet with an intensity ratio of 1°2:1 
and a gap of 32-6 oersteds between components, each of which is again split into three 
lines by weak interactions with protons. Polymethylmethacrylate gives a very similar 
spectrum [41-44]. 

Pure dihydrostreptomycin sulphate gives a strong singlet signal (AH, = 12 oersteds), 
which corresponds to 1-5 10!8 particles/g, whereas its complex with DNA (2:1) 
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gives the same spectrum as DNA does, but with a yield reduced by two orders of 
magnitude. Unpaired electrons may migrate from the dihydrostreptomycin to the DNA, 
which thus has a protective effect. 

Our results for proteins do not conflict with those given previously [32]. It may 
be that the egg albumin was slightly denatured. Complexes I and II gave e.p.r. spectra 
that differed from those of the RNA and proteins taken in isolation. Complex I gave 
a spectrum typical of serum albumin treated with TCA; it may be that the complexing 
involves a denaturation. This is made all the more likely by the fact that complex III, 
which was made by a slightly different method, gave a very weak narrow signal. The 
natural nucleoproteins (nucleotropomyosin and DNA) gave weak narrow singlets; 
the yield per gramme was especially low with DNA, but the proportion of damaged 
molecules was actually highest here. 

The time is not appropriate for a detailed interpretation of the structures found 
in the e.p.r. spectra of the simple compounds: other related compounds should be 
studied before the spectra are interpreted. 


SUMMARY 
(1) The e.p.r. spectra of some y-irradiated purines, pyrimidines, nucleotides, 
nucleic acids and complexes are presented. 

(2) Nucleotides gave strong e.p.r. spectra with typical structures, which are lacking 
from the spectra of nucleic acids. 

(3) Nucleic acids gave fairly narrow singlet e.p.r. lines. The yields of free radicals 
(per g) were about a hundred times smaller than those found with nucleotides, but the 
yields per molecule were the highest of all. 

(4) Nucleic acids and natural nucleoproteins are highly radio-sensitive. 


Translated by J. E.S. BRADLEY 
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PROBLEM OF THE HELICAL STRUCTURE OF MOLECULES 
OF DESOXYRIBONUCLEIC ACID (DNA) AND THE 
MECHANISM OF THEIR SELF-REPLICATION * 


Iu. M. PLisHKIN, N. V. LUCHNIK and G. G. TALUTs 


Urals Branch of the Academy of Medical Sciences of the U.S.S.R., Sverdlovsk 


(Received 14 March 1958) 


IN investigating elementary biological structures and processes one often encounters 
phenomena based on interaction between chains composed of a large number of 
particles. This occurs, for example, in self-replication of nucleoproteins, conjugation 
of chromosomes, genetic crossing-over and so on. In recent years, in connexion with 
the attempts to elucidate the structure of the macromolecules of DNA [I, 2], interest 
in the mechanism of self-replication of elementary biological units has considerably 
increased. The structure proposed by Watson and Crick for DNA consists of two 
polynucleotide chains helically coiled round a common axis and held together by 
hydrogen bonds between the side purine and pyrimidine radicals. It has been de- 
monstrated that in this geometrical configuration the hydrogen bonds may form only 
between adenine and thymine or between guanine and cytosine. Thus the nucleotide 
sequence in one polynucleotide chain determines the order of nucleotides in the second 
chain complementary to the first. If it is imagined that the two halves of DNA separate 
somehow and that, adjacent to the origin of each, a new chain is built, then two double 
helices should arise identical with the initial one. Because of this capacity of the DNA 
molecule for identical self-replication and because a number of indications concerning 
the role of DNA in the synthesis of specific proteins [3-5], it has come to be regarded 
as a storehouse of inherited information coded in the form of a sequence of nucleotides. 
A number of hypotheses have been advanced to explain the mechanism of separation 
of the two helically-coiled strands [6-9] and to solve the problem of how information 
is transmitted from the DNA to the proteins [10-12]. However, all these hypotheses 
have been elaborated mainly on topological grounds and from consideration of the 
combinatory properties of the molecule, no account being taken of the physical and 
chemical possibilities for the realization of the proposed mechanisms. In the present 
communication an attempt is made to explain the possible causes of the stability of 
spiral-like structures similar to that of DNA and to discuss the biophysical implications. 

In modern literature on the structure of the DNA macromolecules, the helical 
form of these structures receives no physical substantiation. The relevant models 
based on interpretations of X-ray diffraction data [13, 14] and infra-red absorption 
spectra [15] merely describe the spatial distribution of atoms but do not explain it. 


* Biofizika 4: No. 3, 275-283, 1959. 
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lhe most acceptable explanation (from the stereochemical point of view) of the helical 
form of the DNA molecule is that it corresponds to the least deviations from the optimal 
angles of valency. However, the mere fact that in the phosphate-sugar chain only 
single bonds which allow of relatively free rotation, are present, suggests that it is 
possible to construct a number of structures which would not disturb the theoretical 
valency angles. We have attempted to build such structures taking as our starting 
point the valency angles and interatomic distances given in the article by Crick and 
Watson [16]. We built a number of such structures including an arrangement of 
phosphate-sugar strands with approximately parallel orientation. 


u(r) 


| 
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Fic. |. Potential energy of the interaction of two particles as a function of the distance 
between them. 


Since the helical structure of the DNA molecule cannot be explained by the 
conditions of the optimal angles of valency and interatomic distances, the attempt, 
outlined below, was made to consider the possible energy-stable configurations of 
such structures. The system presented had to be considerably schematized. The DNA 
molecule was replaced by a system of two chains of particles with reciprocal interaction. 
Each particle in the chain describes a group of atoms corresponding, on average, to 
one nucleotide and as a whole the chain describes one of the phosphate-sugar strands 
of DNA together with the purine and pyrimidine bases attached to it. The detailed 
internal structure of the particles (number and nature of the atoms incorporated in 
them and their sizes) is not given here, only the characteristics of the interaction between 
the particles being considered. We make the following assumptions on the nature 
of the interaction of the particles. 


(1) The potential energy (v) of the interaction between two particles as a function 
of the distance (r) between them has one minimum at the point r = 9, rises to infinity 
with r--> 0 and tends asymptotically towards zero with r --> 00 (Fig. 1). This corresponds 
to the fact that particles at short distances repel each other and at greater distances 
attract each other. The assumption is sufficiently general and corresponds to the 
information now available on the nature of intramolecular forces. 

(2) Each particle in a chain interacts only with the pair of adjacent particles of 
the same chain (usual supposition for linear structures). 

(3) Each particle of one chain interacts with the particles immediately adjacent 
to it in the second chain. If a certain particle in the first chain interacts with the group 
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of particles of the second chain and the particle adjacent to the given one interacts 
with another group of particles in the second chain, then these groups do not coincide 
and possess not less than two common particles (Fig. 2). 


Fic. 2. Interaction between particles in the model considered. 


The model considered is, of course, far removed from the actual DNA molecule, 
but since the form of the potential energy need not be given explicitly, such a model 
may be used in the qualitative study of the stability conditions in structures based 
on interacting linear formations. 

Thus, let us assume the interaction in space of two chains each consisting of N+1 
particles of one type where (1, 2,..., N+1) is the number of particles in one 
chain and (1’, 2’,..., N’+1) the number of particles in the other. After recording 
the potential energy of interaction as a function of the co-ordinates of the particles 
and finding the minima of this function, we determine the stable positions of equilibrium 
in the system of chains. Let us consider a case in which each particle of one chain 
interacts with the four, immediately-adjacent particles of the second chain.* If we 
assume that the chain arrangement justifies condition (3), e.g. that the chains are 
parallel as in Fig. 2 or “almost’’ parallel, we can demonstrate the adequacy of the 
assumptions for the formation of stable helical structures. 

Hence, it is clear that the number of pairs of particles, the interaction of which 
we are considering, equals 6 N. The number of independent co-ordinates of the system 
of particles (m) present in space is equal, as is known, to 3m—6. The number of 
independent co-ordinates of the system of particles considered is equal to 3 [2(N+ 
1)] — 6 = ON. 

As independent co-ordinates of the system of particles, we may select the distances 
between those particles the interaction of which we are considering. In this case 


* Consideration of the interaction of the more distant particles belonging to the same chain in 
the conditions of the model selected does not essentially affect subsequent conclusions. 
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the potential energy of interaction of the system of chains may be written in 
the form 
2A N4 
V= v(x + Sv, (yn), (1) 
1 


where vp is the potential energy of interaction of the particles of the same chain and 
vy; the potential energy of interaction of particles of different chains. For the sake 
of convenience x denotes the co-ordinates of the inter-particle distances within the 
same chain and y the co-ordinates corresponding to the distances between the particles 
of different chains. 

The mutual independence of the co-ordinates in formula (1) and the conditions 
satisfied by the functions vg (7) and vy; (r) permit of a very simple solution to the problem 
of the minima of potential energy V. The necessary condition for the minimum in 
function (1) has the form: 


OV, 


Ox; Ox; 0, 


OV Ov, 
OY, OVE 


=0, k=1,2,...,4N, 


The system of equations (2) can be solved in one way only, namely: 
i= 1,2,...,.3N; 4N. (3) 


The configuration (3) which satisfies the necessary condition for the minimum V 
also satisfies the condition of sufficiency. This can readily be seen from a consideration 
of the positive determinateness of the quadratic form being the second member of 
the resolution of V into a series of staged variables (x;, y,). 


Consequently, the chain configuration in which all interparticle distances within 
the chains are equal to 99 and all the distances between each particle of one chain 
and the adjacent four particles of the second are equal to 9, is the sole configuration 
which corresponds to a minimum of potential energy. 

The curves along which the chains are arranged in the conditions of minimum 
potential energy can likewise, in the chosen frame of reference (x, y, 2), be written 
in the form 

XxX} =acosy, yy = asing, 2 


(4) 
= —acosy, yz = —asing, 722 = bq. 


i.e. the configuration (3) constitutes a system of two helices coiled onto a cylinder of 
radius a with a definite common orientation (Fig. 3). The constants a and b, and 
also the pitch of the helix A are definite functions of 99 and 9; only. Without burdening 
the reader with formulae we shall find the functions A (09, @;) and a (09, 0;) for two 
particular cases. For example, let 0;/09 ~ 3, then assuming a = 0, — 3 Qo to be of 
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small magnitude and confining ourselves in the evaluation of 4 and a to terms of the 
first order in a, we get 


h = 0°97 20; +-0°0482a; 


a = 0°50, — 0.001a. (5) 


If 9; is much larger than 99 then assuming a = 09/0; to be of small magnitude 
and again retaining in the evaluation of h and a only terms of the first order in a, we get 


a = 0°50}. (6) 


h = 10), 


It follows from (5) and (6) that the parameters of the spiral-like structure are deter- 
mined by the dependence of the potential energy on distance. 

In our considerations, a fundamental limitation has been imposed on the arran- 
gement of chains in order to have a definite criterion for assessing their interaction. 
It should be noted that the manner of assessing the interaction between chains definitely 
influences the form of the stable configuration. In particular, for the stable confi- 


Fic. 3. Configuration of a pair of chains corresponding to the minimum of potential 
energy of interaction. 


guration be of a spiral-like nature it is necessary that each particle of one chain should 
interact with at least three particles of the other. However, if one confines oneself 
to considering the interaction of each particle of one chain with three particles of the 
other, then the spiral -like configuration of the model under consideration, in which 
the minimum of potential energy is realized, will not possess sufficient rigidity. 
This arises from the simple fact that the number of independent variables of the system 
(6 N) will be greater than that of the pairs of interacting particles considered (5 N+1). 
It is easy to see that the equilibrated configuration of chains in this case will be a pair 
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of coiled and intertwined helices, the orientiation of which will to a certain extent 
be arbitrary. In the event of interaction of each particle of one chain with four or 
more particles of the other then the stable configuration will be rigid. 

The case considered above permits several generalizations. 

If it is assumed that each particle of one chain interacts with more than four particles 
of the other, complete mathematical solution of the problem becomes very complicated ; 
qualitative investigations, however, permit one to say that the helices in the stable 
configuration of a system of chains have in this case a smaller pitch than, for example, 
is the case in formulae (5) and (6). 

Further, in like manner one can consider the problem of determining the equilibrated 
configuration of three interacting chains. If three chains are so arranged that interaction 
of each particle of one chain with two pairs of particles of the two other chains can 
be presumed, then the stable configuration of the chains will be a system of three 
spirally-twisted lines with a common axis. 

Finally, it is possible to circumvent the limitations inherent in the assumption of 
homogeneity of the interacting particles. Let us assume that the two chains consist 
of different kinds of particles and let vj (r) be the potential energy of interaction of 
the nth particle with the (n+ 1) th. Let the mth particle of one chain interact with 
the (n’—1)th, n’th and (n’+-1)th particles of the other chain, then, in view of the specific 
characteristics of the particles, the interaction of the mth particle with the n’th 
particle (potential energy vj (r)) is of a stronger nature than the interaction of the 
nth particle with the (m’ — 1)th particle (vj (r)) and of the nth particle with the 
(n’ + 1)th particle (v3 (r)) (the index n covers all possible values). The interaction of 
v? (r) (j = 2, 3) may be as weak as desired as compared with vj (r); we shall, however, 
assume that the numbers 07 (j = 0. 1, 2. 3), definable from the conditions, 


Ov? 
acs 3 
ine j=0, 1, 2, 3. 


satisfy the inequalities 


o” < of cos [(o7)? cos? — (of)? + (og = 2.3. (7) 
where # the angle between the vectors of the segment uniting the nth particle with 
the n'th particle and of the segment uniting the nth particle with the (n’+-1)th particles. 

The stable configuration of the system of chains based on these suppositions is 
also a system of coiled and intertwined helices. The properties of the helices are 
determined by the functions v/(r). In particular, if 9; = of —', then the common 
axis of the spiral-like structure may intersect all the segments uniting the mth to the 
n'th particle. If 0% = of—' and correspondingly 93 = g3~* and 93 = 93—', then the 
common axis of the helices cannot interesect any of the segments [n —n’]. (The 
helices assume the form analogous to Watson and Crick’s model.) In both particular 
cases the pitch of the spiral-like structure is smaller the greater the inequality (7). 
In the general case, the axis of the spiral-like structure may even be non-existent. 
There is, of course, no point in speaking of a precise expression for the pitch of the 
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helices nor for the radius since these magnitudes are variables dependent on the order 
of the arrangement of the particles in the chains. 

Hence, the crux of the results may be summed up as follows. Only one configura- 
tion can exist for a system of two chains situated approximately parallel and correspon- 
ding to a minimum of potential energy and such a configuration is a double helix. 

It must be stressed that the formation of a double helix requires the interaction 
of each particle of one chain with at least three particles of the other. But such an 
interaction is at variance with Watson and Crick’s model. One of the most essential 
aspects of their model is the paired interaction of the nucleotides of the two chains. 
However, if it is assumed that the form of the DNA molecule is determined only by 
the internal forces of interaction, then, as has been demonstrated above, in the presence 
of paired interactions between particles (nucleotides) a stable double helix cannot 
be formed. We, therefore, incline to the view that paired hydrogen bonds between 
nucleotides are not the only interaction possible between them. The presence of such 
additional interactions is indirectly indicated by the experimental findings on the 
possibility of migration of energy along the DNA molecule over very long distances [17]. 

Theoretical considerations show that hydrogen bonds may arise not only between 
the adenine-thymine and guanine-cytosine pairs but also between other combinations 
of them [18]; however, in the conditions of a double helix of given diameter these pairs 
are the most stable [19]. Therefore the possibility of the existence of forces produced 
by quantum mechanical resonance in the DNA molecule in the direction of the axis 
of the helix seems quite obvious. This assertion is not incompatible with the fact that 
the paired interactions between the determining bases (adenine-thymine and guanine- 
cytosine) are the principal and strongest ones. If in the other interactions correlations 
obtain, similar to (7), then the stable configuration of such a structure, as has been 
stated above, will be a double helix. 

The results obtained above allow us to make certain statements on the mechanisms 
of self-replication of DNA. Hitherto, the sole factual grounds for evolving theories 
in this respect were the complementary nature of the halves of the DNA molecule, 
which follows from the Watson—Crick model and which has also been indirectly 
confirmed in experiments with labelled atoms [20, 21]. The fact that one minimum 
of potential energy has been established gives an additional starting point for solving 
the problem of the mechanism of separation of the DNA strands which has already 

been the subject of repeated discussions [6-9]. 

The problem of the separation of two mutually twisted helices may in principle 
be solved in three ways: (1) by longitudinal slide of the helices in relation to each 
other; (2) by uncoiling; and (3) by rupturing of the strands with subsequent unification. 
It is still not known whether the DNA strand is continous along the entire length 
of the chromosome. If this were the case slide and uncoiling could be immediately 
rejected. 

It has escaped the notice of all the authors of the various hypotheses that in at 
least six animal and plant species ring chromosomes are described which normally 
reproduce themselves during a large number of cell generations. It is perfectly clear 
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that in a double ring helix neither slide nor uncoiling can lead to separation. But, 
irrespective of the interrelations between the DNA molecule and the chromosome, 
the first two methods can be rejected. Since a double helix corresponds to a minimum 
of potential energy, disturbances in the DNA structure may occur only by the intro- 
duction of energy from without. However, since there is one minimum both 
uncoiling and longitudinal slide can only occur as a result of the prolonged application 
of directed forces, which is a groundless assumption in our view. Therefore it is impro- 
bable that activation of the DNA molecule leads to a separation of its strands. Very 
high energy leads only to the destruction of the structure and, in fact, various powerful 
actions lead not to despiralization but as a rule, to depolymerization (fragmentation) 
of the DNA macromolecules [22, 23].* 

A quite different picture is obtained if it is imagined that auto-reproduction of 
DNA starts before separation. Let us take A and B as the complementary strands 
of the original molecule and A’ and B’ as the strands under construction. The erection 
of B’ next to A and A’ next to Bin the DNA molecule of helical form is stereochemically 
quite possible [24, 25] and requires only a rotation of the bases around the glycoside 
bonds. With such a rotation the interaction between A and B comes to an end, but 
the interactions of A with B’ and A’ with B come into being. It follows from this that 
the system thus formed will correspond to two double helices one of which will be AB’ 
and the other A’B. 

At first sight it is difficult to imagine the mechanism of disintegration of such 
quadruple structures into two double ones without uncoiling. However, there are 
indications that the phosphate-sugar chains in the DNA molecule are not continous 
[26]. Since there are ten nucleotides for each revolution of the DNA helix then for 
free separation one break every twenty nucleotides is required. Precisely this number 
is given as the lower limit of the number of nucleotides per one terminal phosphate 
grouping. However, the sites of the breaks in the complementary strands do not 
apparently coincide, and therefore separation is not possible with completely-formed 
daughter strands. If it is assumed that the longitudinal (ester) bonds are formed after 
the transverse (hydrogen) bonds, separation, as represented schematically in Fig. 4, 
presents no difficulties. Such a sequence of bond formation also facilitates spiralization 
of A’ with B and B’ with A. Although uncoiling of the spiral is fully possible in terms 
of energy [6] in this case (with a molecular weight of 106 for DNA) the end nucleotides 
must perform up to 900 complete revolutions in the process of despiralization, whereas 
in the scheme proposed the maximal rotation will not exceed a semi-circle. 

In conclusion, it must be emphasized that the inferences drawn are completely 
valid only for the model under consideration. Transfer of these conclusions to an 
actual molecule of DNA is hypothetical. Thus, one of the essential limitations of our 
model is that we have considered only the internal forces of interaction, whereas the 


* After the present article had been written, we became acquainted with papers [27-29] in which 
it is shown that synthetic polynucleotides spontaneously form molecules having the form of a double 
helix. This is indirect confirmation of the conclusions arrived at above. Further arguments against 
the probability of uncoiling and slide are given in paper [7]. 
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behaviour of the DNA molecule may be fundamentally affected by its interaction 
with the surrounding solution and other substances. It seems to us unlikely that these 
interactions in themselves could be the source of the stability of the helical form of 
the molecule but there is, however, no doubt that they must exert some modifying 
influence on it. 


Fic. 4. Scheme of self-replication and separation of the DNA molecule. 
4 and B—complementary strands of original molecule; A’ and B’ — newly- 
constructed strands: p — loci of potential breaks; 1 — original molecule; 2 — new 
nucleotides are hydrogen bonded to original strands but longitudinal bonds are 
not formed so that separation of the molecule is possible; 3 — two molecules of 
DNA after separation and subsequent formation of longitudinal bonds. 


We would point out that the proposed model is in good agreement with the 
experimental findings obtained by one of us which will be the subject of subsequent 
communications. 


SUMMARY 


(1) The conditions for the stability of systems consisting of two molecular chains 
have been considered and in the light of the information obtained certain aspects of 
the self-replication of the DNA macromolecule analysed. 


(2) It has been demonstrated that within the framework of the model studied, 
the two-strand system has one minimum of energy corresponding to the configuration 
of a double helix. 
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(3) A number of similar models were also considered qualitatively. 

(4) A hypothesis is advanced that during self-replication of DNA, union of nucleo- 
tides to the original molecule precedes separation of the strands of this molecule and 
that the formation of the inter-nucleotide bonds follows separation. 


Translated by A. Crozy 
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UNTIL now reticulin has been considered as identical with reticular fibres. In in- 
vestigations into the nature of reticular fibre it has been shown to consist of two basic 
components: an amorphous matrix with embedded fibrous protein formations. In 
the following account in speaking of reticulin we refer to this fibrous component of 
the reticular fibre. Certain information on the properties and composition of the 
matrix has been obtained by us previously [1]; the present work, however, deals 
chiefly with results of our study of reticulin. 

Differences of opinion exist on the structure of reticular fibres due to the fact that 
some of their properties suggest an affinity with embryonic connective tissue fibres, 
others with collagen. For example, in the same manner as embryonic and newly- 
forming connective tissue fibres, reticular fibres are argyrophilic. On these grounds 
some workers equate reticular and precollagenous fibres [2, 3]. 

In the tissues the reticular fibres are always to be found among the collagenous 
ones. Preparation of the reticular fibres therefore involves very complicated separation 
processes, which may possibly explain the fact that the amino-acid composition of 
reticulin put forward by some workers is absolutely identical with that of collagen. 
It is natural that the X-ray diffraction picture of such reticulin must also correspond 
with that of collagen [3, 4]. If to this is added the fact that under the electron microscope 
the fibrils of reticulin after separation from the amorphous matrix show the transverse 
striations with a period of 640 A typical of collagen [4, 5], it can be understood why 
some workers infer that the proteins of reticulin and collagen are identical. In their 
view, the differences between these proteins lie in the chemical composition of the 
amorphous, binding material [6, 7] and in the degree of aggregation of the macromo- 
lecular fibrils [8]. 

There are also papers which indicate distinct differences between reticulin and 
collagen as seen in the main in relation to the amino-acid composition [9, 10] and 
the structure as determined by X-ray structural analysis at large angles [11, 12]. 

It is thus obvious that the problem of the structure of reticulin as a protein and 
its relation to collagen has still not been solved. 


* Biofizika 4: No. 3, 284-288, 1959. 
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EXPERIMENTAL 


We took as our starting material reticular fibres of the human spleen, our choice 
of spleen being made on the grounds that splenic reticular fibres are relatively well 
differentiated from the collagenous ones and can be separated mechanically by the 
method earlier described by us [12]. Preparations of varying degree of purity were 
obtained from the reticulin fibres thus isolated. Their amino-acid composition was 
determined as were the content of reducing sugars and the structure (by X-ray 
structural and electron microscopic analyses). The reticulin fibre is a fibrous material 
embedded in an amorphous mass and we therefore sought to free the fibres from 
this mass and estimated the degree of our success from the picture seen under the 
electron microscope. 


TABLE |. INTERFACE DISTANCES (d@) CALCULATED FROM X-RAY DIFFRACTION PATTERN OF RETICULIN 


Method of treatment 
Untreated 


After de-fatting with chloroform, acetone and petroleum 
ether 
After de-fatting and treament according to Windrum 
After de-fatting and treatment with disodium hydrogen 
phosphate followed by dialysis in water 
After phosphate treatment 386 
Fatty substances isolated from reticulin hydrolysate 386 3:36 | 2°88 


* Amorphous rings. 


A number of preparations were obtained by use of different treatments. Treatment 
was carried out with 10°/) NaCl solution, crystalline trypsin (1 mg per 5 ml), 0°5%/, 
solution of purified testicular hyaluronidase and | M disodium hydrogen phosphate. 
The duration of each treatment was about 20 hr. Digestion was effected at 37°C. 
The treated material was washed with three changes of water in a centrifuge. 

In no case did we observe complete separation from the structureless mass. The 
best results were obtained with treatment with disodium hydrogen phosphate. Under 
the electron microscope a large amount of fibrous material was seen but even in this 
case complete dissolution of the amorphous mass was not achieved (Fig. 1). 

Under the electron microscope the reticular fibre was seen as fibrillar material 
embedded in a structureless, amorphous mass after the removal of which the fibrils 
with characteristic transverse striations with a period of 640 A were revealed (Fig. 2). 

The reticular fibre isolated mechanically and the reticulin after preliminary de- 
fatting and other treatments possessed identical diffraction patterns with two amorphous 
rings: the ring at 2-9 A typical of collagen was absent (Fig. 3). In some cases, after 
treatment with the phosphate and de-fatting, additional crystalline rings appeared. 
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The same rings were found on the diffraction pattern of the fatty substances isolated 
by treating the reticulin hydrolysate with chloroform (Table 1). 

The amino-acid composition was determined after purification of the tissue by 
the method proposed by Windrum, Kent and Eastoe [13]. The tissue was first washed 
with 0-859/) NaCl solution, then with 0-05 N NaOH for 12 hr, the liquid being changed 
at intervals of 3 hr, after which the tissue was again washed with 0-85°/) NaCl solution 
for 48 hr. Sufficient distilled water was then added to effect complete removal of the 
NaCl, and finally the tissue was freed from fats by acetone, chloroform and petroleum 


ether. 


TABLE 2. AMINO-ACID COMPOSITION, CONTENT OF LIPIDS AND REDUCING SUGARS IN SPLENIC RETICULIN. 
COLLASTROMIN AND COW COLLAGEN 


Reticulin Collagen Collastromin [14] 
Aanino acid Weight Weight — Weight 
to) total N (%) total N Vo) total N 


15-6 


Nitrogen 13-4 


Lysine 3-0 4:3 3-8 4-2 3-6 4:5 
Arginine 9-7 17°5 10-5 9-7 15-0 
Aspartic acid 6:0 4:7 6°5 3-9 6:1 4:1 
Glutamic acid 13-7 9-7 11-9 6°5 11-8 7:2 
Serine + glycine 33-1 29-6 - 29-5 — 
Threonine 1-7 1-5 2:3 1-5 23-0 1-8 
Alanine 13-0 15-2 9-2 8-2 9-0 9-1 
Proline 16:2 14-7 14-8 10-3 15-5 12-0 
Valine 5-6 5-0 3-1 2:1 3-2 2°5 
Methionine 0-8 0-6 0-8 0-4 0-7 0-4 
Phenylalanine — lysine 9-44 _ 9-35 9-9 
Tyrosine 1-0 0-6 1-0 0-45 1-0 0-5 
Hydroxyproline 6-4 5-1 13-7 8-3 11-8 8-2 
Reducing sugars 4:7 2°8 . 


Lipids 10-4 3-0 = 


Following all these treatments the tissue was hydrolysed with 6 N HCl in sealed 
tubes for 6 hr at 120 C. The amino-acid composition and fat content of the hydrolysate 
were determined. At the same time for comparison purposes the collagen of cow 
hide was investigated by the same methods. 

The amino-acid composition was determined by quantitative paper chromato- 
graphy (solvent n-butanol-acetic acid—water). The chromatograms were photographed 
and the zones measured by means of a Moll type microphotometer [14]. The hydroxy- 
proline was determined colorimetrically by the method of Neuman and Logan [15] 
and nitrogen by micro-Kjeldahl. The content of fatty substances in the hydrolysate 
was determined by extracting with chloroform, the reducing sugars by the anthrone 
method.* The results are presented in Table 2. 


* Large errors are inherent in determination of sugars in acid hydrolysates of proteins and therefore 
the figure obtained by us should be regarded as rather of a qualitative, relative nature. 
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DISCUSSION OF RESULTS 

From our results the relationship between reticulin and other proteins of the collagen 
group may be inferred. 

On the basis of their structural properties, fibrous proteins may be divided into 
two groups: keratin—-myosin and collagen, the first comprising silk fibroin in addition 
to keratin and myosin. The individual members of this group have characteristic 
X-ray diffraction patterns. Even for the same protein there may be change in this 
pattern depending on the conditions. For example, on stretching of keratin there 
is a change in the pattern with transition of keratin from the a to the @ state. 


Fic. |. Electron photomicrograph of reticulin. 


Fic. 2. Electron photomicrograph of reticulin treated with Na2zHPO,. 


Until recently it was believed that the proteins of the collagen group possessed 
the same X-ray diffraction pattern, the distinguishing feature of these proteins being 
a meridional reflection corresponding to a distance of 2-9 A. Our findings show that 
different patterns are obtained for the different proteins of the collagen group. We 
obtained two types of pattern: the first was characterized by the presence of a reflection 
at 2-9 A and characteristic of collagen and its component procollagen; whereas absence 
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of this reflection (2-9 A) in the second type and a generally reduced degree of orien- 
tation were characteristic of the diffraction patterns of collastromin (the microphase 
component of the collagen complex) and reticulin. 

Such a difference in the diffraction patterns of, on the one hand, procollagen and, 
on the other, collastromin and reticulin is apparently associated with the chain confi- 
gurations. It is possible that in one case the cis-configuration is observed whereas 


Fic. 3. X-ray deffraction pattern. 


the proteins of the second group are ‘rans-isomers, which probably accounts for the 


differences in properties of these proteins. For example, procollagen passes into 
solution with relative ease whereas colastromin and reticulin are more stable and 
insoluble. 


Differences between collagen and reticulin are also observed in the amino-acid 
composition. 

The distinguishing property of proteins of the collagen group is their peculiar 
amino-acid composition: a high content of glycine and also the presence of hydroxy 
acids (hydroxyproline and hydroxylysine) which have not been detected in other proteins, 
either globular or fibrous. According to these criteria reticulin is a protein of the colla- 
gen group, but its amino-acid composition did not completely reproduce that of 
collagen, certain quantitative differences being apparent. In particular, the hydroxy- 
proline content of reticulin is below that of collagen (Table 2), which may be due 
to dilution of reticulin by non-collagenous proteins. However, the high content of 
glycine (~ 30 per cent) shows that the reduced content of hydroxyproline is not 
connected with the presence of non-collagenous proteins in reticulin. 


It might be supposed that the presence of elastin in the reticulin tissue preparations 
leads to the reduced hydroxyproline content in reticulin. From the literature [16] 
it is known that the content of hydroxyproline in elastin is, on conversion to nitrogen, 
not greater than 1:2 per cent. In order, by the addition of elastin, to reduce the amount 
of hydroxyproline in the preparation from 8-3 per cent as in collagen to 5-1 per cent 
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as in reticulin would imply that at least 50 per cent of the total protein was due to 
elastin. On checking on the amount of elastin present in sections of the splenic reticular 
fibre preparations by counting under the optical microscope it was shown that the 
area occupied by elastin (21 fields were counted for 7 different samples) accounted 
for 2-10 per cent of the total area. Consequently, a small admixture of elastin was 
not responsible for the lower hydroxyproline content of the reticulin. 


Investigation of the fine structures of reticulin and procollagen demonstrated 
a difference between them. Nor was it possible to equate reticulin and collagen. 
Collagen is a complex protein incorporating two proteins of different chain configura- 
tion — procollagen and collastromin. In its structure reticulin approximates more 
closely to the collastromin component of the collagen complex. However, it is not 
possible completely to identify reticulin and collastromin since despite the identical 
chain configuration these proteins differ in their amino-acid composition and lipid 
content. Hence, reticulin is a fibrous protein of the collagen group approximating 
in its fine structure to collastromin but differing in amino-acid composition. 

We attribute the transverse striations on the reticulin fibrils with a frequency period 
characteristic of collagen (640 A) not to the protein structure but to orientated poly- 


saccharide linkages. 


SUMMARY 
(1) Reticulin is a fibrous protein entity of the collagen group. 


(2) By its structure, determined by the method of X-ray structural analysis at 


large angles, reticulin belongs to the collastromin-type proteins. 

(3) Contrary to current opinion that all proteins of the collagen group are characte- 
rized by a uniform X-ray diffraction pattern we demonstrated that these proteins 
have different radiographs. Two types of pattern were obtained, the first with a 
characteristic reflection at 2.9 A and peculiar to procollagen, and the second with 
no such reflection and characteristic of collastromin the microphase component 
of the collagen complex — and reticulin. These differences reside in the chain confi- 
yurations. 

Translated by A. Crozy 
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REDUCTION OF PROTOCHLOROPHYLL 
PHOTOCHEMICALLY AND IN THE DARK* 


V. B. YEVSTIGNEYEV and I. G. SAVKINA 


Bach Institute of Biochemistry, Academy of Sciences of the U.S.S.R., Moscow 


(Received 5 November 1958) 


THe current viewpoint on protochlorophyll is that it is either the direct precursor 
of chlorophyll during synthesis of the latter in the plant or a more stable form of this 
precursor [1-6]. The chemical structure of protochlorophyll differs from that of chloro- 
phyll a in the presence of two isolated double bonds whereas in chlorophyll a one 
of these bonds is hydrogenated [4]. Chlorophyll can therefore be considered as a 
reduction product of protochlorophyll and it is thus probable that the latter undergoes 
photochemical or thermal reduction during greening of aetiolated leaves. In this 
connexion the conversion of protochlorophyll by in vitro reduction as a possible model 
of the in vivo processes is of interest in the problem of chlorophyll. 

An attempt to reduce protochlorophyll by zinc dust in pyridine solution in the 
presence of acetic acid was made by Godnev [7] who demonstrated that in these condi- 
tions the reduced compound was only slowly re-oxidized even in the presence of oxygen. 
The absorption spectrum of the regenerated pigment was not fully identical with that 
of the original protochlorophyll. These findings were later confirmed by the work 
of Godnev and Kalishevich [8]. 

Krasnovskii and Voinovskaia [5] established that protochlorophyll can be reduced 
photochemically in the same manner as chlorophyll itself by the action of ascorbic 
acid in pyridine solution with formation of a brown product possessing maximum 
absorption at about 470 my. In the dark and especially in the presence of oxygen 
the reduced product was slowly reoxidized with formation of the original pigment. 
These same workers [9] found that photoreduction in alcoholic pyridine medium leads 
also to formation of a certain amount of a substance with an absorption maximum 
at 670 mu. 


* Biofizika 4: No. 3, 289-299, 1959. 
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Yevstigneyev [10] made electrometric measurements of the changes in the redox 
potential of a pyridine solution of protochlorophyll illuminated in the presence of 
a reducing agent and demonstrated a negative shift in the potential to a maximum 
of 0-3-0-35 V. Yevstigneyev and Gavrulova [11] in carrying out photoreduction of 
protopheophytin at —-40°C discovered the existence of an unstable primary red reduced 
form of this pigment with a series of maxima in the middle part of the visible spectrum. 

In the present work new experimental findings were obtained by reducing proto- 
chlorophyll and protopheophytin both in the dark and photochemically. 


EXTRACTION OF PIGMENTS 

The protochlorophyll was obtained from the inner seed coats of pumpkins by 
a technique differing somewhat from that employed by earlier investigators. The 
pumpkin seeds stripped of the coarse outer coat (100 g) were washed with a saturated 
aqueous solution of CaCO, or MgCO, for 15 min; the water was then decanted and 
100 ml acetone added to the seeds. The mixture was shaken for 5-10 min to almost 
complete discoloration of the coats. As a result an intensely coloured solution of the 
crude pigment was obtained. Stripping of the coats from wet seeds with subsequent 
extraction in 80°/,) acetone and grinding in a mortar, as used by earlier investigators, 
proved undesirable since this procedure took up much more time and the content 
of pigment in the extract was much smaller. 

The acetone extract of the pigment was diluted with water in the presence of sul- 
phuric ether and the etheral solution thereby formed freed from the traces of acetone 
by repeated shaking with water and then dried over calcined Na,SOy. The dried 
extract was then concentrated to small volume and to it was added petroleum ether 
in such an amount that the final ratio of sulphuric to petroleum ether was 3:7. The 
solution was then chromatographed on a column of sucrose. The upper, well-defined 
zone was the protochlorophyll, the lower zone contained the carotinoids and proto- 
pheophytin. 

The protopheophytin was obtained from the pure protochlorophyll by the action 
of HCl. Equal volumes of 10°/) HCI and ethereal solution of protochlorophyll were 
mixed in a separating funnel and the mixture shaken at room temperature for 30 min. 
The acid was then decanted off and the ethereal solution of protopheophytin washed 
free of traces of the acid with water. The ether was removed by evaporation leaving 
a dry residue which was used to prepare solutions in other solvents. 


REDUCTION OF PROTOCHLOROPHYLL BY ZINC IN THE DARK 

Reduction was effected in the vacuum tubes normally used in our laboratory for 
spectrophotometric measurements [10, 12]. We substituted larger zinc filings for the 
zine dust employed by other investigators [13] in reduction of chlorophyll in the dark. 
On cessation of shaking the filings immediately sank to the bottom and the solution 
was completely transparent so that spectrophotometry could be carried on without 
hindrance at any moment of the reaction. In each experiment 100 mg zinc filings were 
added to 5 ml! of a pyridine solution of the pigment together with varying amounts 
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of glacial acetic acid. The acid was first diluted with water so that very small quan- 
titites of acid could be added. The mixture was evacuated by a vacuum pump for 
2-3 min with agitation. The reduction process, outwardly manifest in a colour change 
in the solution, started and was sometimes even completed during the evacuation 
process. 

The absorption spectrum of the solution underwent the characteristic changes. 
The maxima for protochlorophyll at 635, 585 and 450 my faded noticeably and at 
the same time absorption rose in the region of 470-550 my and also, though to a lesser 
degree, in the region of 670 my. In line with earlier findings for chlorophyll [13] the 
course of the reduction process and the composition of the products of reduction 
were largely dependent on the acetic acid concentration in the reagents. Figure | 
reproduces, as an example, the results of one of the experiments in which a low con- 
centration of acetic acid was employed (0-002 ml CH;COOH per 5 ml pyridine). 
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Fic. 1. Changes in absorption spectrum of a pyridine solution of protochlorophyl! 
during reduction by zinc. | — original spectrum; 2 — after reduction; 3 — after 
entry of air with shaking. (Ordinate: log extinction coefficient.). 


When air was admitted to the reduced solution with shaking a very swift reverse 
change occurred in the spectrum. The absorption maxima for protochlorophyll increased 
and absorption in the region of 470-550 mu and 670 my declined appreciably. 
Reversibility was not, however, complete. Together with rapidly-reversible conver- 
sions of the pigment, reduction processes occurred which were either not reversible 
or only slowly so. The proportion of the irreversible reduction products increased 
the higher the concentration of acetic acid. With a content of 0-1-0-4 ml CH;COOH 
per 5 ml pyridine, the maxima for protochlorophyll were not regenerated after expulsion 
of air even on prolonged standing. Nor did quinone accelerate the reverse reaction. 

A comparative study of the absorption spectra of the solutions undergoing reduction 
in varying degrees of acidity points to the fact that during reduction of protochlorophyl| 
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by zine in the dark at least three reduction products are formed. One of these products, 
possessing absorption maxima at 670 and 435 my and forming only in weakly acid 
solutions and even then only in small amount, quickly re-oxidizes on entry of air to 
give the original pigment. It is similar apparently to the product of photoreduction 
of protochlorophyll in alcoholic pyridine solution [9]. 

The second product, possessing an absorption maximum at about 460-470 my 
and formed in large amount in solutions of low acidity, also reacts rapidly with 
atmospheric oxygen with formation of the original pigment. This product is apparently 
akin to that obtained in photoreduction of protochlorophyll with ascorbic acid in 
pyridine [5]. Finally, the third reduction product (or group of substances), the pro- 
portion of which predominates in highly acidic solutions, is either completely stable 
or undergoes the reverse reaction in presence of atmospheric oxygen extremely slowly. 
The absorption for this product was diffused throughout the entire visible spectrum. 

Thus, protochlorophyll when reduced in the dark, as in photoreduction, forms 
reduction products which undergo rapid reversion and one of them, according to the 
position of the principal absorption maxima (670 and 435 my in pyridine) is analogous 
to chlorophyll. We can attribute the absence of rapidly-reversible products in the 
experiments of Godnev [5, 6] to the technique employed which precluded detection 
of these products because of the extreme rapidity of the oxidation process, and also 
to the use of strongly acid solutions promoting the formation not of the labile but 
of the more stable reduction products of protochlorophyll. 


PHOTOCHEMICAL REDUCTION OF PROTOCHLOROPHYLL AND PROTOPHEOPHYTIN 
(Electrometric Investigations) 


\ detailed study has been made earlier [10, 14, 15] of the changes in potential of 
an inert meta! electrode in solutions of chlorophyll and pheophytin undergoing photo- 
reduction. It was seen that the negative shift in potential on illumination of the 
solutions was due to the appearance of an electrode-active primary reduced form of 
these pigments possessing a high reduction potential. 

In the present work the behaviour of solutions of protochlorophyil and proto- 
pheophytin were also investigated in detail. The photoreaction was carried out in 
special vacuum electrode vessels (Fig. 2) as previously used by us [10, 14]. 

In this work, unlike the previous experiments, the platinum reference electrode 
in the vessel depicted in Fig. 2 (B) was not placed in the solution of protochlorophy!l| 
and reducing agent as was the indicator electrode, but in the corresponding pure solvent 
with addition of only the reducing agent. This excluded possible errors due to chance 
penetration of light into the darkened solution of the pigment with partial photore- 
duction of the latter. Unchanged chlorophyll does not possess electrode activity and 
therefore the absence of this pigment in the control solution had no influence on the 
original potential of the electrode. [Illumination was by means of an apparatus with 
condensed light from a 300 W bulb. We measured with an LP-5 valve potentiometer 
with accuracy of calibration of 1-2 mV. 
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Fig. 3 depicts the typical changes in potential at room temperature of the gold 
or platinum electrode in a pyridine solution of protochlorophyll (~10~5 mols/I.) 
containing a low concentration of ascorbic acid (~ 10°} mols/I.). The potential fell 
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Fic. 2. Vacuum electrode vessels. A — for work at room temperature with agar 


seal: B—for work at low temperatures; C — calomel electrode. 


sharply at the start of illumination, then the change in potential slowed down and 
on further illumination the reverse process gradually set in. When the light was switched 


off the potential rapidly returned to the original, or a somewhat lower, level. Similar 
changes were observed with use of pyridine, alcohol and acetone as solvents for the 
protochlorophyll in the presence of ascorbic acid o° phenylhydrazine. 

When no reducing agent was present no changes in potential were observed at 
all, they were slight and occurred very slowly. Special tests in which photoreduction 
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Fis. 3. Variations in potential (PP) of gold electrode in a pyridine solution of 
protochlorophyll containing ascorbic acid (10-3 mols/I.) Light filter 11, 20°; 
I — light; Il — dark, 
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of the pigment occurred away from the metal electrode with return of the reduced 
solution to the electrode demonstrated that the changes in the electrode potential 
were due to redox changes in the solution at depth and not to a possible photoelectric 
effect at the juncture of the metal and solution at the surface. 

The course of the curve of changes in potential was dependent on the content of 
pigment (Fig. 4 (A) and (B)), concentration and nature of the reducing agent (Fig. 5). 
the temperature at which the experiment was carried out, the intensity of illumination 
(Fig. 6) and the composition of the solvent. The manner in which these factors 
influenced the phenomenon points to the direct role of photochemical changes in 


Fic. 4. Influence of concentration of (A) protochlorophyll and (B) protopheophytin 
in pyridine solution on variation in potential (PP) of platinum electrode. 4A—room 
temperature: B — at — 40°C; log e: 1, 0-8, 2, 0-4, 3, 0-2. Ascorbic acid 10-2 mols/I. 
Light filter OS=11. I — light; Il — dark. 


the pigment itself. In fact, all the findings presented in the figures are readily explicable 
if we assume that the photoreduction of protochlorophyll and protopheophytin proceeds 
by the same mechanism, responsible for photoreduction of chlorophyll and pheophytin 
(10, 15, 16]. There are two stages in this mechanism of photoreduction. The first 
is the acceptance by the pigment molecule in the long-lived, excited, metastable 
(biradical [21]}) state of an electron from the reducing agent as a result of which a very 
labile, electrode-active, primary reduced pigment of the ionized, free radical, semiquinone 
type is formed which is especially unstable in the case of magnesium-containing 
pigments. The second stage is the annexation of the proton in the dark with formation 
of a more stable secondary reduced form of the pigment not displaying electrode 
activity. or possessing only weak activity at the electrode. 
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The course of the curve in Fig. 3 can be explained as follows. The rapid fall in 
potential on switching on the light is due to rapid formation of an appreciable amount 
of an electrode-active, primary reduced form of the pigment which at normal tem- 
peratures rapidly annexes the proton and passes into the secondary form. After 
a certain lapse of time depending on the experimental conditions the secondary process 
starts to predominate as a result of which there is a fall in the equilibrium amount 
of the electrode-active form determining the size of the photopotential. This is manifest 


Fic. 5. Influence of concentration of ascorbic acid on variation in potential (PP) 
of platinum electrode. A — protochlorophyll in pyridine (10 5 mols/I.) +20°C; 
1073 mols/Il.; 2—5x10°2 mols/l.; 3—5x10-'! mols/l. ascorbic acid. 

4—without reducing agent. &— protopheophytin in pyridine (—40°C) | — 
10-3 mols/l.; 2 310-3 mols/l.; 3 — 5 10-2 mols/I. ascorbic acid; 4 without 
reducing agent. | — light; If — dark. 


in a reversal in the course of the curve of the photopotentials on further illumination. 
However, in the light the redox potential of the solution does not attain the original 
value even with prolonged illumination. This is a result of the reversibility of the 
reaction which leads to the situation that the reduced forms (even in the light) are 
continually reverting to the original pigment which is in turn reduced again thereby 
maintaining a certain concentration of electrode-active form in solution. It is natural 
that the more rapidly the secondary form is able to undergo the reverse reaction the 
greater will be the equilibrium concentration of the electrode-active form and the 
lower the equilibrium position of the curve on illumination. As our experiments [17] 
have shown, this is completely valid in the case of chlorophyll and pheophytin where 
the stabilities of the reduced forms differ appreciably among themselves. The curve 
in the case of chlorophyll starts to level out at much lower potentials than in the case 
of pheophytin. 

From the preceding remarks it is quite clear that those factors which influence 
the equilibrium of the amounts of the various forms of the pigments in the solution 
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must also exert an influence on the curves of the potentials. To a large extent these 
factors are those the action of which is shown in Figs. 4—6. The factors which contribute 
to an increased concentration of the electrode-active primary form must also contribute 
to increase in the negative photopotential and slow down the start of the reverse rise 
in the curve. For example increase in the original concentration of the pigment to 
a definite threshold value increases the photopotential and shifts the position of the 
trough of the curve to the right, as a direct consequence of the increased amount of 
material changed by photochemical action (Fig. 4). 


5 6 


Fic. 6. Influence of intensity of illumination on variation in potential of platinum 
electrode. Protochlorophyl! in pyridine (10°75 mols/l.) with ascorobic acid (2> 
10°2 mols/1.). 7 — filament voltage (110 V lamp): | — 40 V; 2 — 60 V: 3 — 80 V: 

4 110 V. I — light; 1 — dark. 


A reduction in the temperature of the solution to —40°C, (Figs. 4 (B) and 5 (B)) 
which inhibits the conversion of the primary into the secondary form and which was 
particularly conspicuous for pigments not containing magnesium [10, 14], led to 
retention of large amounts of the primary reduced form in solution, to a marked increase 
in the photopotential and often to complete elimination of the trough in the curve. 
After a certain period of illumination with low concentrations of the reducing substance, 
the curve, without passing through a trough, started to flatten out. It should be noted 
that in the case of experiments with protopheophytin at low temperatures when the 
presence or absence of the primary, reduced, red form is easy to observe from the 
colour change and the absorption spectrum of the solution [11], the correlation between 
the concentration of this form and the photopotential is particularly striking. 

A rise in the intensity of illumination at room temperature at first increased the 
photopotential. But at the same time, as a result of acceleration of the photochemical 
reaction. it shifted the position of the trough in the curve to the left and the slope of 
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the reverse rise in the curve increased (Fig. 6). This was due to the rapid conversion 
of relatively large amounts of the electrode-active primary reduced form, produced 
more quickly with strong illumination, into the secondary form. 


K 
425 
Yo 


100 


Fic. 7. Influence of replacing H by D in reducing agent. A — on rate of photo- 
reduction of protochlorophyll in pyridine (10°5 mols/l.) with ascorbic acid 

(10-2 mols/I.) at +-20°C; 1 — 10/9 H20; 2 — 10°/9 D2O. B— on rate of photo- 
reduction of protopheophytin (10-5 mols/I.) in pyridine with ascorbic acid 
(1072 mols/I.) at —40°C; 1 — H»O; 2 — 10°/p D2O. C — on course of curves 
of potentials. Protochlorophyll in pyridine (10°? mols/l.) and ascorbic acid 
(10-2 mols/I.); 1 — 10°/o H2O; 2 — 10°/9 D2O. Abscissa — time of illumination. 

I — light; If — dark. 


A somewhat different picture was produced, with a rise in the intensity of illumina- 
tion, in the case of a pyridine solution of protopheophytin at a temperature of —40°C: 
in this case there was seen solely an increased steepness of the decline of the curve. 
corresponding to an acceleration of the photochemical reaction. There was no reverse 
rise present at any given intensity of illumination as a result of the absence of conversion 
to the secondary form or a great slowing down of this process. 

With increase in the concentration of reducing agent (ascorbic acid) the photo- 
potential at first started to rise, but was then lowered again apparently as a result of 
the increased acidity of the solution and the greater possibility of annexing the proton 
to the primary form with conversion of the latter to the secondary one. This dependence 
on the concentration of the reducing agent was also seen at low temperatures (Fig. 5 (B)). 

The nature of the reducing agent and the composition of the solvent, according 
to our findings, also exerted an influence on the course of the curves of the potentials 
in line with their influence on the speed of the forward or reverse reactions. 
Phenylhydrazine, for example, a stronger reducing agent than ascorbic acid, promoted 
a more rapid fall in the curves of potentials. 

The presence in the pyridine of a considerable quantity of water accelerated the 
subsequent reactions of the primary reduced form [10] and as a result led to an 
appreciable fall in the photopotentials. 
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The details of the course of the curves of the potentials of solutions of protochloro- 
phyll and protopheophytin in acetone and alcohol differed somewhat from the similar 


curves for pyridine solutions. 


The biphasic nature of the process of photoreduction of protochlorophyll and 
protopheophytin was confirmed by investigations with deuterated reducing agents. 
It follows from Fig. 7 (A) and (B) that, if the H in ascorbic acid is replaced by D, then 
although there is considerable slowing down of the photoreduction of protochlorophyll 
at room temperature (formation of secondary “proton” form) the primary reduction 
of protopheophytin at low temperatures is not slowed down but somewhat speeded 
up. This slight acceleration in the formation of the primary form was apparently 
due to the fact that with deuterated reducing agents at —40°C annexation of the proton 
is retarded even more powerfully than in the case of the normal reducing agents. 
The results of the tests with deuterated reducing substances show that as opposed 
to the process of formation of the secondary form, the production of the primary 
form was not accompanied by proton transfer and was the result of electron transfer. 
The delayed disappearance of the primary reduced form from the solution with 
substitution of D for the H of the reducing agent was plainly demonstrated by the 
electrometric measurements (Fig. 7 (B)). The presence of D,O in place of H»O in the 
solution at room temperature led to a similar picture to that obtained for low tem- 
peratures: the photopotential increased, and the trough of the curve disappeared 
completely or underwent a marked shift to the right. The reverse course of the curve 
in the dark was slowed down. 


Finally. measurements of the conductivity of the protochlorophyll and proto- 
pheophytin solutions showed that, during the photoreduction process, ionized products 
are formed as in the case of chlorophyll and pheophytin [18] and that in the case of 
protopheophytin such products are quite stable at low temperatures. 


Hence, there is no doubt that the mechanism of reversible photoreduction of 
protochlorophyl! and protopheophytin in the conditions of our experiments was 
similar to that of the photoreduction of chlorophyll and pheophytin. These findings. 
as with those obtained in tests with other tetra pyrrole pigments, and in particular 
prophyrins [11, 19, 20], lead us to the conclusion that electron or proton acceptance 
during photoreduction of these pigments is essentially through conjugated double 
bonds. It must be assumed that the photoreduction process characterizing pigments 
possessing a closed ring of four pyrrole nuclei [22] can hardly be at the basis of the 
process which probably occurs in the conversion of protochlorophyll to chlorophyll 
within the plant and which is connected with hydrogenation of one of the isolated 
double bonds. At the same time, the findings of spectral analyses obtained during 
reduction of protochlorophyll in the dark and photochemically point to the possibility 
of formation of products the spectrum of which is allied to chlorophyll although these 
products are insufficiently stable to be regarded as chlorophyll. The problem of the 
conditions necessary for photoreduction of protochlorophyll into chlorophyll and 
the mechanism by which this is achieved require further investigations. 
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MECHANISM OF PHOTOSENSITIZATION OF REDOX REACTIONS 
BY PROTOCHLOROPHYLL AND PROTOPHEOPHYTIN 

Protochlorophyll and protopheophytin possess the capacity for photosensitization 
in vitro in organic solvents of reduction by ascorbic acid, phenylhydrazine and other 
dyestuff reducing agents — methyl red, acid orange, acid blue (our findings), safranin, 
riboflavin [5], etc. 

The fact that, on illumination, these pigments form with the reducing substance 
a very labile, primary, photoreduced product with a high reduction potential — see 
above and [11] — suggests that the sensitization process is by intermediate formation 
of this substance and its subsequent reaction with an electron acceptor. “Reduction” 
is apparently the mechanism of sensitization of these pigments, as in the case of chloro- 
phyll and pheophytin [15], i.e. the primary photochemical reaction of the pigment 
sensitizer is its interaction with the electron donor — the reducing agent. 

The results of potentiometric measurements (Fig. 8) confirm the basic role of the 
electrode-active, primary reduced form in the sensitization process by protochlorophyll 
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Fic. 8. Variation in potential in pyridine solution of protochlorophyll (10-5 mols/!.) with ascorbic 
acid (10-2 mols/I.). (1) — in absence and (2) -— in presence of acid orange. I — light; I1—dark. 


and protopheophytin, together with its ability to react quickly with the electron 
acceptors [11]. In the presence of an electron acceptor (acid orange) the equilibrium 
amount of the electrode-active form determining the magnitude of the photopotential 
falls appreciably; there is also strong acceleration of the reverse rise in potential after 
removal of the light source. 

The ability of protochlorophyll and protopheophytin to utilize the energy of light 
for sensitization of the redox reactions in vitro in like manner to chlorophyll and by 
the same mechanism naturally poses the question as to why the plant requires to 
convert protochlorphyll into chlorophyll by an additional reaction and not utilize it 
as a photosensitizer in the photosynthesis process. A similar question may be raised 
in the case of pheophytin. 
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It must be considered that such a requirement is the result of the gradual evolution 
and perfecting of the photosynthetic apparatus in the development of the plant world. 
In this case it is not only of importance that the absorption of chlorophyll in the long 
wave region of the visible spectrum is higher than for protochlorophyll, whereby 
better use can be made of solar energy, but that, in general, chlorophyll is a more 
effective participant in photosynthesis. /n vivo the pigment sensitizing agent must 
satisfy the requirements of the plant not merely from the purely photochemical 
viewpoint, but also in relation to the possibility of coupling the photochemically-changed 
forms with corresponding electron donors and acceptors and to the effective utilization 
of the photochemical products in the subsequent reactions in the photosynthetic 
chain. Of special importance here is the ability of the pigment to interact with proteins 
which is probably responsible for the efficacy of coupling with enzyme systems 
(perhaps cytochromes) permitting water to function as the terminal electron donor. 
All these requirements are apparently fulfilled by chlorophyll and not by its biosynthetic 
precursors or pigments which do not contain magnesium at the centre of the molecule. 
In addition, of course, we cannot yet fully exclude the possibility that the photo- 
sensitizing action of chlorophyll in vive may not resemble the mechanism established 
by us [l, 8] for redox reactions photosensitized by chlorophyll and protochlorophyll 


and investigated in our laboratories. 


SUMMARY 
[he work was devoted to a study of the capacity for protochlorophyll to undergo 
photochemical reduction in vitro. 


(1) A method is described for obtaining the pure pigment from the inner seed 


coats of pumpkins. 

(2) It was shown that when protochlorophyll is reduced by zine in the dark three 
reduction products are formed, two of which &re quickly re-oxidized in the presence 
of oxidizing agents with restoration of the original pigment. From the position of 
the absorption maxima, it appears that one of these labile reduction products is 
allied to chlorophyll. 

(3) The biphasic character of the photoreduction of protochlorophyll and proto- 
pheophytin, as in the case of chlorophyll and pheophytin, was confirmed by 
electrometric measurements of the changes in redox potential in the solutions undergoing 
photochemical reduction and by the influence exerted on the course of the curves 
of the potentials by such factors as the concentration of the pigment and of the reducing 
agent, the temperature of the solution, the degree of illumination, and so on. The 
change in potential was due to the appearance of an electrode-active, primary reduced 
form. The findings were also substantiated by investigations with use of deuterated 
reducing agents. 

(4) Experimental support is given for an hypothesis that the primary photoreduced 
forms of protochlorophyll and protopheophytin are intermediate products in the 
conversion of these pigments as part of their photosensitizing action on the redox 


reaction. 
Translated by A, Crozy 
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THE NATURE OF RESTING POTENTIALS* 
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(Received 25 November 1958) 


[HE advocates of the sorption theory of tissue permeability due to Nasonov and his 
co-workers have put forward a number of arguments to show that the imbalance in 
the distribution of ions between the liquid contained in cells and that in which the 
cell is bathed is due to the properties of the protoplasm as a whole. Because monovalent 
cations, mainly potassium ions, are bound in undamaged and resting cells with the 
proteins of protoplasm, these authors support the principle of the damage origin of 
resting potentials [1-5]. 


In contrast to the damage theory, the membrane theory of cell permeability 
derives from the pre-existence of potential differences between the intra- and extracellular 
liquids. Advocates of the membrane theory therefore consider [6-9] that potassium, 
sodium and chlorine occur both in cells and in the extracellular liquid in the form 
of free ions, characteristic of aqueous solutions, and that they do not interact directly 
with the proteins of protoplasm. Imbalance in the distribution of these ions between 


the cell and the external solution is considered to be due to the presence of a semi- 
permeable membrane on the cell surface. Because of the presence of this membrane, 
a Donnan [10] equilibrium is established between these media. The view thus became 
widely adopted that there exist what are termed “membrane metabolic pumps” for 
potassium and sodium ions [I1—15]. During the last twenty years, as a result of the 
use of micro-electrode and isotopic methods, the idea of the membrane theory has 
been further developed. 

In addition to the work carried out on giant nerve axons of cephalopod molluscs, 
a number of experimental researches in this field have been carried out on single 
striated muscle fibres of the frog [16, 17]. The micro-electrode method was developed 
with the object of making better measurements of resting potentials [18, 19]. 


When single muscle fibres are penetrated with the micro-electrode abrupt changes 
in potential difference are observed [19]; these differences occur at intervals and 
they do not change with the depth of penetration of the micro-electrode point [20]. 
right up to the point when the opposite fibre integument is reached. In opposition 
to the membrane theory, the advocates of the sorption theory consider that these 
phenomena do not prove that resting potentials pre-exist. And they make the point 
that the micro-electrode can produce a damaged area in the cell, even if this be of 


* Biofizika 4: No. 3, 300-309, 1959. 
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limited dimensions, which creates conditions for the production of injury potential 
differences between the damaged and intact parts of the cell. 

The object of the present work was to examine the quantitative similarity (or 
difference) between the resting potentials measured with an intracellular micro-electrode 
and the injury potential measured with nonpolarizable electrodes from the damaged 
surface and the intact parts of the muscle, and also to study the rates of change of 
these potential differences. 


METHODS 


The problem consisted in carrying out repeated studies on one and the same pre- 
paration, the isolated sartorius muscle of the grass frog. For this purpose, the method 
previously described [20] was improved in the following way. A transparent plastic 
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Fic. |. A. Diagram illustrating chamber divided into two compartments. E and 
E> — external electrodes; M — micro-electrode; P — partitions. The arrows show 
the inflow and outflow of solutions bathing opposite parts of the muscle. B. Circuit 
of change-over switch at input side of valve electrometer. 


chamber (Fig. 1A) was divided into two compartments by a partition of thin rubber: 
in later experiments two partitions were used. The distal part of the frog sartorius 
muscle, prepared in the usual way, was passed through a small cut in these partitions. 
A similar chamber was used at one time by Graham and Gerard [18] in a control 
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experiment. With this chamber, opposite parts of the muscle could be subjected to 
the action of two different solutions without mixing. The muscle itself served as a kind 
of electrolytic bridge between both compartments of the chamber. 

A change-over switch was arranged at the input side of a valve electrometer so 
that potential differences could be measured between any two of the three saturated 
calomel electrodes used in the experiments (Fig. 1, B). Each of two external electrodes, 
E, and E>, was brought into contact with the solution in the corresponding compartment 
of the chamber. An extracellular micro-electrode (M) was attached to the third calomel 
electrode, which was introduced into a single muscle fibre in the first or second com- 
partment, according to the conditions of the experiment. 

The micro-electrodes were prepared and filled with 3 M or 118 mM solutions of 
potassium chloride or with Ringer’s solution by the method previously described [21]. 
Che micro-electrodes filled with potassium chloride solution had individual potentials 
characteristic of each particular electrode in relation to Ringer’s solution [17]. Therefore, 
in the calculation of potential differences between M and E£, or E, from measured 
e.m.f.’s (M — E,) or (M — E>), it was necessary to subtract the electrode potentials. 
The electrode potentials were not subtracted from potential differences between the 
two external electrodes (E> — E)), since the micro-electrode was not used in this case. 
The electrode potential for each micro-electrode was determined before the experiment. 
In the later experiments, micro-electrodes filled with Ringer’s solution were used; 
these have practically negligible electrode potentials and this greatly facilitated the 
treatment of the results. The absence of electrode potentials in electrodes filled with 
Ringer’s solution is further evidence, if this were needed. in favour of the hypothesis 
about their origin previously put forward [20]. 

Before each experiment a check was made to find whether a small injury potential 
difference was produced between the parts of the muscle situated in the two different 
compartments as a result of damage to the separate surfaces during preparation or 
in drawing the distal end of the muscle through the slit in the partitions; any reading 
obtained here was allowed for later. 

The zero position of the electrometer was adjusted when necessary before each 
series of readings. It should be mentioned that with this experimental arrangement 
the sum of the potential differences between each pair of the three electrodes, under 
any given conditions, was equal to zero, i.e. (E; — M) + (M — E) + (£2 — £)) = 0. 
The potential differences measured were determined by the compensation method 
and the values obtained were plotted on a graph after the necessary corrections for 
the electrode potentials had been made. 


RESULTS 


Results are given here for experiments carried out in 1957 and 1958 on 158 fibres 
from 24 muscles. 

In the initial experiments sartorius muscles as a whole were treated with acetone. 
After acetone had been added to the Ringer’s solution, the resting potentials, that 
is the differences in potential between the micro-electrode introduced into the fibre 
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and the external electrode in the solution surrounding the muscle, fell to zero in 1-2 min. 
Thereafter no resting potential could be observed in the adjacent fibres either. 

The fibres of the frog sartorius muscle extend along the whole of its length, and 
we considered it justifiable to attribute a number of regularities to those single fibres 
into which the micro-electrodes had been introduced. 

It is known that acetone produces slow, complete and irreversible denaturation 
of proteins. The addition of a few millilitres of acetone to Ringer’s solution which 
was being continuously renewed in one of the compartments of the chamber led, 
practically instantaneously, to clouding and stiffening of the corresponding muscle 
end. When the muscle was kept under isotonic contraction conditions, these phenomena 
were accompanied by sharp contraction of the injured part into a shapeless ball; when 
the muscle was under conditions of isometric contraction, the micro-electrode could 
be retained in its initial position. The unavoidable tension of the muscle which then 
occurred should not have materially affected the resting potential [22]. 

For simplicity in further presentation, the compartment of the chamber in which 
the intact part of the muscle was placed will be termed the first, and the corresponding 
external electrode, £,; the injured part of the muscle was always in the second com- 
partment and the corresponding external electrode will be denoted E,. The micro- 
electrode which was introduced into the intact part of the fibre in the first compartment 
is termed M,, and the one introduced into the injured part of the muscle Mp. 

Experiments showed that injury to one part of the muscle by acetone did not lead 
to a change in the resting potential (M, — E,), recorded from some fibre of the intact 
part. It is true that the addition of acetone to the solution in the second compartment 
was often accompanied by a single short contraction in the intact part of the muscle. 
In such cases the micro-electrode generally damaged the fibre and sometimes it became 
dislodged or even broke. When damage occurred, the potential difference (M, — Fj), 
fell sharply and when the electrode became dislodged or broke it fell to zero. The 
potential of M, then became correspondingly positive in comparison with E>, because, 
in fact, in these cases M, differed in no way in its role from E, in the measurement 
of the injury potential difference (E, — E,) (see Fig. 3, at the moment of addition 
of acetone). 

The introduction of the micro-electrode into new fibres of the intact muscle showed, 
however, that the resting potentials of these adjacent fibres maintained values that 
were characteristic for a given muscle. Moreover, a few hours after injury to the 
opposite end of the muscle the resting potentials of the intact parts of new fibres were 
found to be unchanged. 

The addition of acetone to the second compartment led to the rapid production 
of an injury potential difference (E,— E,, where E, was the external electrode and 
the potential recorded by E, was fed to the valve circuit). 

When the chamber was divided into two compartments by only one partition, 
the value of the injury potential practically never reached the value of the resting 
potential of the intact fibres in a given muscle even after some few minutes. The 
difference in potential between M, and E> was less than the resting potential by the 
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value recorded for the injury potential difference (£,— £,) (Fig. 2). With prolonged 
recording it was possible to confirm a fairly substantial increase in the value of the 
potential difference between M, and FE. At the same time a fairly sharp fall in the 
injury potential, was observed, while the resting potential, (7, — 
diminished in the usual way when the micro-electrode was introduced into the intact 
fibre [20]. In other words, E, — FE, (the injury potential) fell at a much more rapid 
rate than M, — E): this accounts for the increase in M,— EE. When the rubber 
partition separating the compartments was moved along the muscle towards its intact 
end before M, was introduced into a new fibre, the potential difference increased 
slightly again for some time. In all cases, after the micro-electrode had been introduced 
into the new fibre of the intact muscle the potential differences (M, — F,) and (M, — E)) 
differed from one another by the magnitude of the injury potential, (FE, — £)), then 
produced (Fig. 2, 174-196th minute of experiment). 
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Fic. 2. Time course of potential differences studied with one partition between the 
compartments. The points referring to one fibre have been joined by lines. Plain 
arrow — moment acetone was added to the second compartment. Ornamental 
arrow moment when partition was moved along the fibre towards the intact 
part of the muscle. Explanations in text. 


As a control, at the end of each experiment the micro-electrode was introduced 
into a number of fibres of the injured part of the muscle. The potential between M) 
and E>, or as it may be expressed, “the resting potential of the injured parts of the 
fibre’, was always found to be zero, and correspondingly the potentials between M> 
and £; were equal to the injury potentials (E; — £,). In other words, when M) was 
used the micro-electrode fulfilled the same function as E> in the measurement of the 
potential between and 

From what has been said above, it was concluded that the phenomenon observed 
arose because of a fall in the electrical resistance at the boundary between the injured 
and intact parts of the fibre at the partition level; this is evidently due to the gradual 
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onset of necrosis towards the intact part of the muscle, beyond the limits of the dividing 
partition. 

The gradual spreading of necrosis in muscle fibres has been described in detail 
by Nasonov and Rozental’ [23]. In the present case the necrosis was not due to the 
prolonged action of acetone, for the Ringer’s solution surrounding the injured part 
of the muscle was gradually renewed and the acetone had been washed away in the 
course of the first few minutes after it had been added to the solution. Evidently, to 
begin with and until the muscle was injured, electrical contact between the solutions 
in both compartments was effected mainly by the intercellular liquid, but after the 
corresponding parts of the fibre had died off this contact began to be made through 
the whole muscle section. 


Fic. 3. Time course of the potential differences studied with two partitions between 
the compartments. When the acetone was added to the second compartment (see 
arrow) the micro-electrode was in the intact part of the fibre. Explanations in text. 


In order to test this hypothesis, a chamber with two partitions was used. The 
partitions were arranged at a distance of 2 mm from one another so as to form a narrow 
wet chamber. The movement of the necrosis boundary towards the intact part of the 
muscle then took place within the limits of this chamber, and this should have led 
to a less substantial fall in the resistance between the two compartments as the necrosis 
boundary moved along the section of the fibres lying between the partitions, 
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In fact, under these conditions, the potential differences after injury, E2 — &. 
at first reached the magnitude of the resting potentials, (M,—£,). The value of 
E,— E, was often even higher than that of M, — E), measured at a given moment 
from the intact part of some fibre (Fig. 3). This suggests that there is a definite 
correlation between the resting potentials (M,— £,), measured by an intracellular 
micro-electrode from the contents of the intact parts of fibres, and the injury potential, 
(E, — E)), measured by means of external electrodes from the intact and injured parts 
of the muscle under conditions creating sufficiently high electrical resistance between 
the solutions bathing both parts of the muscle. It may be supposed that under these 
conditions in the first moment after the injury had been produced the potential E, — E, 
reflected the mean value of the resting potentials of all the fibres of a given muscle. 

When fwo partitions were used and the micro-electrode M was introduced into 
the injured part of the fibre during the process of injury, then in the first few minutes 
the potential of M>, which was at first negative, not only became equal to the potential 
of E> but even reached small positive values (Fig. 4). This may have been connected 
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Fic. 4. Time course of the potential differences studied with two partitions between 
the compartments. When the acetone was added to the second compartment (see 
arrow) the micro-electrode was in the injured part of the fibre. Explanations in text. 


with pecularities in the rate of equalization of the concentration of the different ions 
between the contents of the injured parts of the fibre and the external solution. However, 
notwithstanding the use of an arrangement with two partitions, the injury potential. 
(E, — E;), nevertheless did not remain at the level established in the first few minutes 
after injury. As in the chamber with one partition, the value of M, — E) also increased 
in proportion to the divergence between the values of (M, — and (E,— 
that is, under these conditions the injury potential fell more rapidly than the resting 
potential of the intact part of the fibre into which the micro-electrode had been 
introduced. 
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DISCUSSION 


The addition of acetone to a solution bathing isolated muscle or part of a muscle 
led to changes in all parts of the fibre subjected to the action of acetone. The resting 
potential of these injured fibres fell to zero in the course of a very short time; this 
indicates that only one or two minutes are required to equalize the concentrations 
between the intracellular and the extracellular media after the injury has been effected. 
Moreover, the resting potential, which reached 75-90 mV in the intact part of the 
muscle, remained practically unchanged. 

The rapid equalization of the concentrations of the cell contents and the external 
solution observed in the injured parts of the fibre may be considered, from the point 
of view of the membrane theory, to be merely a consequence of the complete destruction - 
of the membrane on the surface of the injured part. The resting potential of the intact 
part of the fibre could be practically unchanged only if anew membrane were immedi- 
ately formed at the boundaries between the damaged and intact parts of the fibre. The 
facts indicate that the formation of a new membrane evidently did not take place. 

If a new membrane were rapidly formed at the boundary between the intact and 
injured parts of the fibres, then M, — E> should have quickly reached the value of 
M, — E;. However, M; — E> never reached even anything like a significant fraction 
of the value of M,; — E,. It is true that M, — E> increased slightly with time in pro- 
portion to the divergence between the values of the injury potential, (E,— F)), and 
the resting potential, (474, — £,), of the intact fibres. 

On the other hand, control measurements showed that once it had reached zero 
M,— E> did not increase with time but remained unchanged. For this reason, the 
phenomenon described can only be the result of a gradually decreasing outflow of 
ions from the intact parts of the muscle fibre towards the injured parts or. more 
correctly, into the solution surrounding these. 

If a new membrane was not formed at the boundary between the injured and intact 
parts of the fibre, then complete depolarization of the parts of the fibre that were 
not directly injured should have occurred after a short time, because according to 
the membrane theory there are ions in the solution inside the cell. However, the resting 
potential, (MM, — E)), of the intact parts of the fibre, determined at a sufficient distance 
from the necrosis boundary, remained practically unchanged. 

In the experiments of Nasonov and co-workers [23, 24], it was shown that diffusion 
of ions across the boundary between the intact and injured parts of the fibre was 
accompanied by a gradual spreading of necrosis to the intact parts of the fibre. Our 
experiments confirm the results obtained by these authors. 

The maintenance of the resting potential of the intact parts during the process 
of injury to the opposite parts of the fibres is evidently explained in the following way. 
As the necrosis boundary moved, the hitherto immobilized ions acquired their 
characteristic mobility in aqueous solution only in a narrow section directly adjoining 
the necrotic part of the fibre, and then they diffused along the concentration gradient. 
The development of this process was constantly retarded, and this led to a gradual 
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decrease in the outflow of ions across this boundary. In our experiments there was 
a corresponding increase in the electrical resistance between M, and E). 


The high resistance of the surface of the intact parts of the fibres is merely an 
indication that a very small number of ions — the only particles in this system capable 
of carrying a charge — diffuse across it per unit of time. This, however, still does 
not mean that it was due entirely to the semipermeability of the cell membrane [4]. 


Furthermore, there is plenty of evidence in the literature [4, 25] to show that ions 
and molecules of very large dimensions are capable of passing freely through the cell 
surface. Therefore, comparisons must not be made between cell surfaces and artificial 
semipermeable membranes. The mechanisms responsible for the selective concentration 
of potassium ions in the cell, as compared with sodium ions (“membrane pumps’’) 
are likewise not definitely connected with cell membranes. 


It is much more likely — and this follows from the work of a number of authors 
{25-27} — that the selective concentration of potassium ions in the cell in comparison 
with sodium ions (under experimental conditions, rubidium in comparison’ with 
potassium [28]) is the result of differences in the ability of the protein structures of 
the protoplasm as a whole, and not only of the cell surface of the cell membrane, to 
concentrate certain ions in the intracellular colloidal phase. This agrees well with 
the concepts of the sorption theory of cell permeability concerning the part played 
by intracellular structures in the process of maintaining the unbalanced distribution 
of ions between the cell contents and the extracellular solution. 


It must, however, be mentioned that an analysis of the experimental results obtained 
by means of the micro-electrode technique compels us —- apart from what has been 
said above — to adopt a more critical attitude to the conclusions based on this theory 
relating to the origin of the resting potentials when the fibre is injured. 

The rapid disappearance of the potential difference between the micro-electrode 
introduced into the part of the fibre being subjected to injury and the corresponding 
external electrode, (> — E>), has been noted above; this reflects the rapid equalization 
of ion concentration with injury. The large potential difference between M and E 
up to the injury to the fibre could also be due to local destruction of the protein- 
electrolyte complex, leading to the liberation of ions which up to then had _ been 
covalently bound to protein. However, when the microelectrode has been successfully 
introduced, the resting potential falls very slowly over a period of several hours [20]. 
whereas the equalization of concentration between the injured part of the fibre and 
the external solution is accomplished in a matter of minutes. It is hardly possible that 
under these conditions the potential M, — F,, and therefore the constancy of the large 
difference in concentration between the medium directly surrounding the tip of the 
electrode within the fibre and the external solution, could be maintained only because 
of the slowness of the spreading of necrosis and the accompanying destruction of the 
protein-electrolyte complex. The difference between the rate of equalization of the 
concentrations and the rate of spreading of the protein-electrolyte decomposition 
process is much too large. 
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A review of all the evidence in favour of the pre-existence of resting potentials 
would exceed the limits of this paper. For this reason, reference to the subject must 
be limited to pointing out that in point of fact all the experimental results obtained 
by numerous workers using intracellular micro-electrodes unequivocally indicate 
the pre-existence of resting potentials. In this connexion the question must be asked: 
must ions, especially potassium ions, necessarily interact with proteins to form bonds 
of a covalent character with the activity coefficient of the ions falling to zero? In other 
words, does the sorption theory of cell permeability necessarily exclude the possibility 
of the pre-existence of resting potentials? 

The progress of modern physical and colloid chemistry suggests that it is possible 
for this kind of immobilization and selective accumulation of certain ions in the in- 
tracellular colloidal protein phase to occur while the activity coefficient of the ions 
remains close to unity. Examples that may be cited are processes determining the 
selective accumulation of certain ions in ion-exchange resins and processes in synthetic 
polyelectrolytes [25, 29, 30]. Native proteins are typical polyelectrolytes, being in 
fact polyampholytes. In these systems the ions of simple electrolytes become bound 
to the polyelectrolyte ions mainly by electrostatic forces with fixed charges of opposite 
sign. 

The selective concentration in the polyelectrolyte phase of some particular ion 
from the external solution containing a number of ions with similar properties 
evidently depends to a large extent on the effective radii of the competing ions. The 
radius of the hydrated shell, together with the magnitude of the ionic charge, determines 
the degree of possible approach of the simple oppositely charged ion with a fixed 
charge to the macro-ion of the polyelectrolyte [25]. Since particular ions accumulate. 
it is assumed that they can freely penetrate into the colloidal intracellular phase right 
up to the point when this medium becomes electrically neutral. Therefore, even when 
there is no semipermeable membrane, conditions are produced which are typical of 
the Donnan equilibrium. The fulfilment by the system comprising the cell and the 
external solution of the conditions of the Donnan equilibrium has up to now been 
one of the basic arguments of the advocates of the membrane theory in favour of the 
decisive part played by the cell membrane in the phenomena considered here. 

It is not of course necessary to deny the existence at the boundary between the 
two spaces considered of a structure distinct from both the intracellular and the 
extracellular media. As early as 1920 Beutner [31] showed that the measurement 
of potential differences in liquid circuits was possible only when a dividing surface 
was present between the two phases considered. distinct from both of them, and at 
which the abrupt potential change occurred. 

The analysis of our results and of the literature of recent years indicates that the 
imbalance in the distribution of ions and the production of potential differences between 
the cell contents and the external solution cannot be exclusively ascribed to this dividing 
boundary. 

Hence the conclusion is inevitable that it is necessary to renounce both a number 
of axiomatic principles of membrane theory and the a priori conclusion drawn by the 
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adherents of the injury theory, according to which if it is accepted that the selective 
concentration of potassium ions in the cell depends on the sorption properties of the 
protoplasm as a whole, then the pre-existence of resting potentials must be ruled out. 
It seems to us that further development in the theory of resting potentials will be in 
this direction. It will then be possible to base the theory on experimental results 
obtained by advocates of both the membrane and the sorption theories of 
cell permeability. 


SUMMARY 


(1) Intracellular micro-electrodes have been used to study the rate of change of 
the resting potential in both intact and acetone-treated parts of the fibres of the isolated 
sartorius muscle of the frog. The rate of development and the time course of the 
“injury” potential between the intact and injured parts of the muscle have been studied 
at the same time on the same preparation. 

(2) The experimental results lead to the following hypotheses: 

(a) the imbalance in the distribution of ions between the fibre contents and the 
surrounding solution is due to the sorption properties of the intracellular protein 
colloids: 

(b) the resting potential, that is, the potential difference between the cell contents 
and the extracellular solution is not initiated as a result of injuries to parts of the fibre 


but pre-exists. 

(3) Evidence 1s briefly presented to show that notwithstanding the principles of 
the sorption theory of cell permeability [1-5]. the phenomena described here are not 
mutually exclusive. 


Translated by FE. Hayes 
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INTRACELLULAR RECORDING OF MUSCLE FIBRE 
POTENTIALS ~* 


RHYTHMICAL ACTIVITY 


KostTiuk, Z. A. SOROKINA and A. I. SHAPOVALOV 


Institute of Animal Physiology, Kiev State University 
(Received 23 May 1958) 


It has long been known that under certain conditions excitable systems, among them 
muscle fibres, acquire the capacity for rhythmical activity which is maintained for 
a long time without any additional external stimulation. Rhythmical activity is 
always produced in muscle fibres when the concentration of calcium ions in the surroun- 
ding medium decreases; small mechanical stimulations of the fibre can then initiate 
activity lasting for several minutes. Excitable systems in a state of rhythmical activity 
are reminiscent in their properties of cells that constantly generate rhythmical impulses 
under physiological conditions — for example, cells of the sino-atrial node of the heart. 
The study of processes arising in such systems in therefore of great interest in solving 
the problem of the mechanism of autorhythmia. We carried out such a study on the 
striated muscle fibres of the frog by means of intracellular potential recording. 
Intracellular recording enables the membrane potential of any part of the fibre to 
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be determined accurately, and also the connexions of slow and rapid oscillations of 
potential in the fibre, and so on. Using this method, Bulbring and co-workers [1-2] 
have already obtained very interesting information on the rhythmical activity of 
striated and smooth muscle fibres. 


METHODS 


Experiments were carried out on the sartorius muscles of winter and autumn frogs: 
the rhythmical activity was very weak or entirely absent in frogs collected in the spring. 
In some experiments muscles curarized with d-tubocurarine were used; in the remainder 
the muscles were not curarized. We observed no differences between these. The 
muscle was placed in a small vessel filled with Ringer’s solution; one end was fixed 
rigidly and a weight was attached to the other end through a system of blocks to produce 
the necessary tension. Ringer’s solution (composition: Na 116-25; K  - 2-5; 
Ca 1-8; 117-1 mmol; H,PO, 2:25; HPO}--0-12 mmol/l.), the pH of 
which was 7:2-7:4, was used as a standard. We have already described the method 
for recording intracellular potentials [3]. In order to minimize the possibility of the 
electrode becoming dislodged from the fibre during the contraction period, it was 
connected to the cathode follower by means of a flexible connector. 


EXPERIMENTAL RESULTS 


Proportion of active fibres. Reduction of the concentration of calcium ions in 
Ringer’s solution is a very effective method for bringing the muscle fibre into a state 
of rhythmical activity. The initiating factor in the production of rhythmical activity 
is nearly always a mechanical stimulation — the penetration of the microelectrode. 
Under normal conditions, a microelectrode with a tip diameter not greater than | 
does not stimulate the fibre when it is inserted. When the concentration of calcium 
ions was reduced in a large number of cells, though not in all, the insertion of the 
electrode was followed by long-lasting rhythmical activity. Sometimes the rhythmical 
contraction of the fibres could be observed even before penetration; in such cases, 
it is possible that they were stimulated by slight mechanical injuries during preparation. 

Reduction of the calcium ion concentration to 0-2 mmol/l. produced the most 
significant increase in the number of active muscle fibres. Further reductions had 
practically no effect on the rhythmical activity. 

In agreement with the findings of Bulbring [1], we found that the tension on the 
muscle promoted rhythmical activity up to a certain limit, the number of active cells 
increasing with tension. There was a definite relationship between the effect of calcium 
ion deficiency and the tension (Fig. | (A)): the tension increased the sensitivity of the 
fibres to a deficiency of calcium ions, and likewise when tension was applied a deficiency 
in calcium ions led to a more rapid increase in the number of active fibres. With 
extreme tension, the proportion of active cells fell rapidly, while the restoration of 
rhythmical activity was only effected with difficulty when the load was removed. 
The lower the calcium ion concentration in the surrounding solution, the earlier did 
the suppression of the rhythmical activity with increased tension set in. 
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The presence of sodium ions in the surrounding solution was necessary to support 
the rhythmical activity. Halving the concentration of sodium ions (to 58 mmol/l.) 
completely suppressed the rhythmical activity; when the muscle was placed in normal 
Ringer’s solution the activity was again restored. A reduction in the potassium ion 
concentration did not suppress the rhythmical activity; when the concentration of 
potassium ions was increased twofold (to 5 mmol/l.) under the optimum conditions 
for the production of activity, the proportion of active cells fell from 45 to 15 per cent. 
When the potassium ion concentration was increased five-fold (to 12-5 mmol/l.) the 
rhythmical activity ceased entirely. 


40 


Fic. |. Dependence of the proportion of rhythmically active fibres, A, the mean 
membrane potential of the muscle fibres, B (each point is based on measurements 
on 130 fibres), the mean square deviation from the mean membrane potential, C, 
to the Ca content of the surrounding solution and tension on the muscle. / — 0:2: 

2—0-9; 3 — 1:8 mmol Ca**; 4— without Ca 


The main factors that give rise to conditions promoting rhythmical activity 
a fall in the concentration of calcium ions and muscle tension — produce one further 
characteristic change in muscle fibres: they depolarize the membrane (although only 
to a small extent). In this connexion it was desirable to compare changes in the capacity 
for rhythmical activity with changes in the membrane potential under the same 
conditions. Figure 1 (B) shows the mean membrane potentials for various ratios of 
calcium ion concentration and tension. For convenience of comparison with the 
previous graph, reductions in potential (depolarization), and not increases, are plotted 
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along the vertical ordinate. A comparison of graphs A and B shows that there was 
no correlation between the proportion of active cells and the mean membrane potential. 
The greatest diminution in the membrane potential was produced by a reduction in 
the calcium ion concentration to 0-9 mmol/l.; a reduction in the calcium ion con- 
centration below this level produced only a small change in the mean membrane 
potential; at the same time it continued to bring more and more new fibres into a state 
of rhythmical activity. The extension of activity to new fibres with an increase in 
muscle tension proceeded much more rapidly than the depolarization of the fibre 
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Fic. 2. Two examples of cycles of changes of the fibre membrane potential in the 
course of rhythmical activity. Cycles at the beginning (a) and the end of activity 
(b) are compared: ¢ —- time. 


membrane; when the activity was suppressed by excessive tension, the membrane 
potential was not restored to the initial value, but continued to fall very slightly. All 
this confirms the hypothesis that the reduction in the membrane potential of muscle 
fibres arising from a deficiency of calcium ions, or produced by tension, is not the 
direct cause of the increased capacity for rhythmical activity. This conclusion was 
confirmed by observations on the rhythmical activity of single fibres. 

In the paper mentioned above [1], the hypothesis was put forward that the capacity 
for rhythmical activity is determined not by the absolute value of the membrane 
potential but by the instability of this value, which is reflected in large deviations from 
the mean. It is true that no detailed study of the relation between capacity for 
rhythmical activity and the dispersion of membrane potentials has been made. 
Figure 1 (C) shows the mean square deviations of the membrane potential (-+-m) for 
the actual ratios of calcium ion concentration and tension on the preceding graphs. 
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As will be seen, there is also no correlation in this case between the proportion of 
active cells and the value of +m. The value of -+-m increased with the rise in tension 
about as rapidly as the proportion of active cells, but it almost reached the maximum 
value by the time the calcium ion concentration had fallen to 0-9 mmol/l. Nor can 
the suppression of rhythmical activity with excessive tension be related to the changes 
in the value of +-m. It is likely that prolonged changes in the membrane potential 
of different muscle fibres, associated with a deficiency of calcium ions or with 
stretching of the muscle, and reflected in increased deviations from the mean values, 
also cannot be regarded as the direct cause of the development of capacity for rhythmical 
activity. 

Electrical manifestations of rhythmical activity. A muscle fibre in a state 
of rhythmical activity exhibits characteristic electrical reactions. Each cycle in this 
rhythm begins, as a rule, slowly with increasing depolarization of the membrane; 
the steepness of the rise in this depolarization varies over a wide range in different 
fibres. This change in potential observed in many excitable systems, if it is not directly 
connected with synaptic activity, is termed “prepotential’’ [4-6], “pre-peak potential” 
[7] and “rhythm-leader’’ potential [8]. We shall use the shorter term “prepotential’’. 

The prepotential began to rise more rapidly once a certain definite value had been 
reached and it quickly passed into a typical spike potential; this reflected the initiation 
of a spreading impulse. The descending part of the spike potential, with no appreciable 
depolarization passed into a more or less residual hyperpolarization. Usually this 
residual hyperpolarization fused with the next following prepotential, and it was 
impossible to draw a dividing line between them in this case. It was then impossible 
to establish the “normal”’ level of the fibre membrane potential. Oscillogram /, Fig. 2. 
shows the cycles of change in the fibre potentials, taken at the beginning and the end 
of the rhythmical activity, superimposed on one another. However, in some cases, 
with very low frequencies of rhythmical activity, the prepotential rose so slowly at 
first that only slight fusion with the residual hyperpolarization after the spike potential 
took place, and then both components of the potential change could be distinguished 
from one another (Fig. 2, 2). 

The steepness of the prepotential rise varied greatly for different fibres, and in 
a given fibre it fell with time; but the critical value at which the prepotential passed 
into a spike potential (i.e. the threshold at which spreading stimulation arose) remained 
almost constant in a given fibre even with very long discharges. Nor was there any 
notable change in the residual hyperpolarization. Consequently, the main cause of 
the gradual retardation of the rhythm of the rhythmical activity and its complete 
cessation was not the adaptative increase in the stimulation threshold of the muscle 
fibre, but the retardation of the growth of the prepotential (oscillogram in Fig. 2). 


As far as the magnitude of the critical depolarization necessary for the initiation 
of spike potentials was concerned, in most cases this could not be determined with 
certainty, because of the impossibility of fixing the “normal’’ level of the membrane 
potential. When the interval between single impulses was large and the prepotential 
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reached an appreciable value only some time after the end of the residual hyperpo- 
larization, it could be seen that this value was slightly greater than 20 mV. 

The magnitude of the spike potentials varied in the course of the rhythmical 
activity. When the muscle fibre membrane was not subjected to marked depolarization, 
notwithstanding long stimulation, the spike potentials in most cases remained maximal 
for a long time, or they weakened very gradually (Fig. 3, / and 3). When the rhythmically 
active muscle became gradually depolarized (which occurred fairly often) there was 


Fic. 3. Single foci of rhythmical activity. 1, 2—Ca~ ~, 0-2 mmol/I., tension 10 g; 3—Ca 0-2 mmol/l. 


tension 20 g. Continuous line — level of membrane potential. Timing mark 80 msec (1, 2) and 22 msec (3). 


a corresponding progressive fall in the spike potential. The spike potential no longer 
exceeded the membrane potential but became equal to and then gradually less than 
this potential (Fig. 3, 2). Finally, the generation of spike potentials ceased entirely, 
although rhythmical prepotentials continued to arise for a long time in the muscle 
fibre. 

The total duration of rhythmical activity in different fibres varied greatly. As 
far as the mean duration of the rhythmical activity was concerned, this increased as 
the concentration of calcium ions in the surrounding solution decreased or as the 
tension on the muscle increased. The optimal conditions for the development of 
particularly long-lasting rhythmical activity were a tension of 5-10 g and a calcium- 
ion concentration of 0-0-2 mmol/l. Under these conditions, the rhythmical activity 
was capable of lasting 45-60 sec after the fibre membrane had been pierced. When 
the muscle was greatly strained it was possible to observe these long pulses with 
particularly low calcium ion concentrations and no great tension. 

This also held for the pulse frequency in different fibres. The frequency varied 
from | to 100 c/s; the mean value was greatest with a tension of 5-10 g and a calcium- 
ion concentration of 0-0-2 mmol/l. Apart from the pulse duration, we observed no 
high pulse frequencies with great tension provided that the calcium ion concentration 
in the medium was little changed. 
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The usual type of rhythmical activity consisted in the generation of one spike 
potential by each prepotential (Fig. 3, / and 2). However, in some fibres, especially 
under optimal conditions for the development of activity, two or more spike potentials 
could be produced for each prepotential (Fig. 3, 3) with such short intervals between 
them that the second spike potential turned out to be markedly weakened in the relative 
refractory period of the first. 

Dependence of rhythmical activity on the value of the membrane potential. A study 
of the rhythmical activity in various muscle fibres clearly showed, as has already been 
pointed out [1], that its onset in a particular fibre was not governed by the value of 
the fibre membrane potential. It can be seen from the examples given here that the 
activity occurred with the most diverse values of the membrane potential, while its 
duration and frequency were often less in fibres with low membrane potentials 
(Fig. 3, /) than in those with higher potentials (Fig. 3, 2 and 3). Fibres devoid of 
rhythmical activity but having the same or lower membrane potentials occurred in 
a particular muscle side by side with active fibres. 

However, if for any reason a more or less rapid change in the membrane potential 
occurred in the course of the rhythmical activity, this was always accompanied by 
a change in the activity. Usually changes in the membrane potential took the form 
of reductions; these were probably connected with slight injuries to the fibre by the 
micro-electrode during contraction. Such reductions led to an increase in the frequency 
of the pulses, and this increase was the more significant the less frequent and the 
higher the values at which it occurred (Fig. 4, / and 2). The pulse frequency on the 
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Fic. 4. Effect of changes in the membrane potential on rhythmical activity. 1, 2, 4—Ca* ~, 0-2 mmol/l. 
tension 10 g; 3 —- Ca**, 0:2 mmol/l., tension 20 g. Designations same as in Fig. 3. 


new membrane-potential level then gradually fell again; it could be increased once 
more by renewed depolarization. 

When the reduction in the membrane potential took place gradually, an increase 
in the pulse frequency did not always occur. Sometimes the smooth depolarization 
only compensated for the usual retardation with time in the pulse frequency (Fig. 4, 3). 
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This depolarization of the fibre membrane, which changed the frequency of the 
rhythmical activity and the magnitude of the spike potential, did not as a rule completely 
block the activity even when the extent of depolarization was very great. In some fibres 
a marked rhythmical oscillation persisted even when the membrane potential was 
reduced to 20-25 mV (initial part of oscillogram 4 on Fig. 4). These depolarization 
values were significantly greater than that which suppressed the excitability of the 
fibre. For this reason, these facts could be explained only by assuming that in such 
cases the depolarization extended to an insignificant region of the fibre near the point 
at which the microelectrode had been introduced; the rhythmical activity covered 
a more extensive area of the fibre in which the generation of stimulation processes 
was not suppressed. The potential changes that then developed produced passive 
polarization of the area near the microelectrode and this made the recording of 
rhythmical potential oscillations possible. 

In most cases the depolarization changes in the active muscle fibres were irreversible ; 
however, sometimes after a certain interval of time they disappeared and the membrane 
potential was once again restored to its initial value. The increase in the membrane 
potential was then accompanied by a slowing of the rhythmical activity characterized 
by large spike potentials and intensive residual hyperpolarization. Each hyperpolariza- 
tion wave restored the membrane potential to some extent (Fig. 4, 4, new rhythm 
denoted by arrows). 

Interaction between foci of rhythmical activity. In all the examples given above 
(except Fig. 4, 4) it could be easily established from the presence of one true rhythm 
that there was one focus of rhythmical activity in the muscle fibre. Even in cases where 
group discharges of spike potentials occurred (Fig. 3, 3) the same conclusion could 
be drawn because one true rhythm was present. However, in other cases two well- 
defined independent foci of rhythmical activity were present in the fibre. The presence 
of two rhythms is clearly visible on oscillogram 4, Fig. 4, but the second rhythm 
(arrow on Fig. 4, 4) arose before the end of the first, at a time when only a slight 
potential oscillation remained. It was therefore difficult to follow their interaction 
in this example. Figure 5 shows a specially produced example of the combination 
of various rhythms in one fibre. An examination of these shows the following special 
features. 

(1) The frequencies of the different rhythms did not coincide. One of the rhythms 
(as a rule the supplementary one which arises later) was slower than the other by 
a factor of 2 or 3 or more (Fig. 5, /, supplementary rhythm indicated by arrows). 

(2) The spike potentials of the various rhythms recorded with the same micro- 
electrode were different. In addition to the weakening of the non-maximal spike- 
potential rhythm arising later, maximal spike potentials of the supplementary rhythm 
could be recorded (Fig. 5, / and 2). 

(3) The production of large supplementary spike potentials left in its train an 
effect resembling refractoriness, which delayed the development of a new prepotential. 
The weakening of the spike potentials had no marked effect on the production of the 
supplementary cycles which followed them; the latter often appeared after very short 
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intervals following the preceding wave (Fig. 5, / and 2). When the supplementary 
cycle fell on the rising phase of the prepotential, the initial rhythm was capable of 
developing somewhat earlier than after the usual interval. 

(4) Frequently the spike potentials of the supplementary rhythm arose without 
a marked prepotential, while the spike potentials of the initial rhythm arose against 
a background of well-defined prepotentials (Fig. 3, 2, supplementary rhythm shown 
by arrows). 


Fic. 5. Examples of the interaction of several foci of rhythmical activity in one fibre. 1, 2— Ca~ 
0-02 mmol/I., tension 5 g: 3 —- Ca* *, 0:2 mmol/I., tension 20 g. Designations same as in Fig. 3. 


(5) In some fibres complete irregularity was observed in the production of pre- 
potentials and spike potentials, and this prevented the separation of any kind of well- 
defined independent rhythm. In such cases it is probable that this effect was related 
to the presence in the fibre of a number of foci of rhythmical activity, giving rise to 
complex interaction of the excitation waves (Fig. 5, 3). 

These special features led to conclusions which are not in agreement with some 
conclusions of Bulbring et a/. [1]. It is clear that the prepotential arose not synchronously 
throughout the whole fibre, but locally at one or several points. When these points 
were situated close to the recording electrode, we recorded both prepotentials and 
spike potentials. When one of the points of generation of rhythmical activity was 
at a distance, then the local prepotential arising in it was not recorded by the micro- 
electrode and only the spike potentials were to be seen. The statement by these 
authors, that spike potentials without prepotentials are generated in fibres with high 
membrane potentials, and spike potentials with prepotentials in fibres with low 
membrane potentials, has not been confirmed. Both kinds of response occurred in 
one and the same fibre; they therefore depended only on the spatial relationships 
between the foci of rhythmical activity and the recording point. 

Rhythmical activity with denervation. It is known that denervated muscle begins 
to fibrillate, which probably indicates the development of a capacity for rhythmical 
activity even without the influence of the factors mentioned above. We have compared 
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normal muscle with muscle 7-9 days after denervation, using as a standard the 
contralateral normal muscle from the same animal. 

Denervation greatly increased the capacity for rhythmical activity, which in this 
case arose in some fibres even with normal calcium ion concentrations. Under optimum 
conditions for the production of activity, the proportion of active fibres in the denervated 
muscle was found to be much higher than in the normal muscle, reaching as much 
as 70 per cent. A characteristic feature of the rhythmical activity of the fibres of 
denervated muscle was the very high rhythm frequency (Fig. 6). The cause of this 
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Fic. 6. Rhythmical activity of denervated fibres (7 days after denervation). Without Ca~ ©, tension 5 g. 
Designations same as in Fig. 3. 


very high frequency lay in the very sharp rise in the prepotentials, which was not 
usually observed in normal fibres. The sharpness of the increase in the prepotentials 
was SO great that these almost fused with the rising phase of the spike potentials and 
they could only be distinguished from these with difficulty (Fig. 6, 3). 

Denervation, in common with a deficiency in calcium ions or tension, slightly 
diminished the membrane potential of muscle fibres. According to our results, the 
mean value of the membrane potential in denervated fibres was 90-7+5-8 mV, compared 
with 95-8-+-3-6 mV for the symmetric normal muscle. These figures do not agree with 
results in the literature [9], according to which denervation does not affect the membrane 
potential. However, as with normal muscle, it was impossible in this case to establish 
a direct relationship between the value of the membrane potential and the characteristic 
form of the rhythmical activity. Fibres were observed in denervated muscle with very 
low membrane potentials, but without rhythmical activity, as well as fibres having 
the average membrane potentials of normal muscle but also devoid of activity. 


DISCUSSION OF RESULTS 


The results given here confirm the hypothesis that the occurrence of the capacity 
for rhythmical activity is connected with the development of special processes which 
do not occur in normal fibres. The fibre loses its capacity to maintain a definite steady 
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membrane potential. The membrane begins to become rhythmically depolarized 
at the point of mechanical injury. The course of this depolarization (“prepotential’’) 
differs from known local depolarization processes (“post-synaptic potentials”) by 
its extreme gradualness. As far as the ionic nature of the prepotential is concerned, 
since it is very sensitive to the sodium ion concentration of the surrounding solution, 
it may be supposed that this is reflected in increased permeability to these ions and 
their movement into the fibre, effects which are usual in excitation processes. At the 
same time, in the rhythmically active fibres there is a mechanism at work which 
restores the normal value of the membrane potential, although this mechanism is less 
effective than in normal fibres. The residual hyperpolarization after the spike potential. 
or more correctly, the current of potassium ions flowing outwards from the fibre in 
this period [10], forms part of such a mechanism. However, the membrane potential 
is also restored when the prepotential does not generate spike potentials; this is 
probably due to the intensification of processes actively concerned in the expulsion 
of sodium ions (“sodium pump’’). 

At present we cannot say in what manner calcium ions protect the fibre membrane 
from such “spontaneous” depolarization, but mechanical tension of the membrane 
promotes this effect. It may be that both factors act directly on the membrane to 
change its permeability by an adsorption effect or by modifying its physical properties: 
however, the matter is evidently more complicated. It is known that calcium ions 
can pass into excitable cells (at least of the giant axon [11]). If they became bound 
there to some substances, they might change the mechanisms of active ion transport 
through the membrane [12]. The fact that denervation, in addition to tension and 
calcium ion deficiency, is a factor promoting the onset of rhythmical activity, probably 
leading in the first instance to a disturbance of protoplasmic processes, is a point in 
favour of the view that there is a more complex mechanism maintaining stability of 
membrane polarization. 


SUMMARY 


(1) Rhythmical activity produced by a deficiency of calcium ions in the surrounding 
solution, by muscle tension, or by denervation, has been studied in the sartorius muscle 
of the frog by means of intracellular potential recording. 

(2) The highest proportion of rhythmically active fibres was observed in denervated 
muscles; the optimal concentration of calcium ions for the development of activity 
was 0-2 mmol/l. and the optimal tension was 10 g. For the production of rhythmical 
activity, sodium ions must be present in the surrounding solution: the absence of 
potassium ions did not affect the activity. 

(3) The reduction of the fibre membrane potential, or prolonged deviations of 
this potential from its mean value, could not have been the cause of the initiation 
of rhythmical activity. Rhythmical activity is connected with the development of 
special processes, which find expression in the rhythmical waves of local depolarization 
(“prepotentials”’) generated when the spreading impulse reaches a critical value. 


7 
4 
@ 
4 


A. L. LARBUS 


(4) The trequency of rhythmical activity was determined by the steepness of the 
rise of the prepotentials. This steepness increased when the membrane potential of 
the fibre diminished; it was particularly high in denervated fibres. 

(5) Several foci of rhythmical activity can occur in one fibre and these may interact 
with one another in different ways. 


Translated by E. 
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lt has been shown by several workers [l, 2] in recent years that any visible differences 
in a test field, which are motionless or remain unaltered relative to the retina, rapidly 
disappear. Our vision is possible owing to the fact that under normal conditions the 
image is in constant motion on the retina, and consequently the illumination of the 
individual elements of the retina is continually changing. It is also known that in 
most animals impulses travel along the optic nerve mainly in response to alterations 
in the incident stimulus. Usually these two facts are interrelated, and hence it is assumed 
that in man also impulses travel along the optic nerve mainly in response to variation 
of the incident stimulus, and that no impulses are transmitted when there is no such 
variation. Consequently no information is available for the discrimination of objects 
lying within a test field which is fixed and unaltered relative to the retina. It should 
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be mentioned that this idea was apparently first put forward by Adrian [3] a considerable 
time ago. 

In the present work we have attempted to examine the process of disappearance 
of visible differences within a test field held motionless relative to the retina, and to 
seek more profound analogies between this process and the electrophysiological 
results obtained in animal experiments. Such a task demanded a new experimental 
approach and a description of the technique evolved is given below. 

To simplify matters we shall first define certain terms. Earlier [2] we agreed to 
give the name “empty field’’ to any test field, held motionless relative to the retina, 
in which visible differences were no longer apparent to the test subject. Investigation 
of the properties of the empty field has shown that this definition can be modified. 

If at a particular instant any test field (including a field of uniform colour) becomes 
stabilized and remains stable and motionless relative to the retina, then such a field 
can be termed an empty field after the lapse of a few seconds. It follows that this 
definition holds only where the light incident on the eye (in particular light passing 
through the sclera) remains unaltered. 

The perception of differences within the limits of a stable and motionless retinal 
image will be termed the “fast’’ process.* The beginning of the process will be considered 
as the moment when the last variation in the incident light occurs, and the end of the 
process will be considered as the time of attainment of an empty field. 


METHODS 


We have tried to evolve a technique which would provide spatial scanning of the 
fast process, i.e. allow the subject to see all stages of this process under different 
experimental conditions. 

The first requirement was a system whereby an image of the boundary of two fields 
could be moved across the retina at a constant predetermined speed. Suckers of 
a pattern which have been described previously [2, 4, 5] were used for this purpose 
in our work. Most of the experiments were carried out using a sucker provided with 
a short focus lens which allowed the subject to see distinctly objects placed against 
the opal glass disk of the sucker. A glass capillary rigidly attached to the sucker and 
placed against the opal glass screen was the object in question. One capillary design 
is shown diagrammatically in Fig. !. 

The internal diameter of the capillary was 0-03 mm. The visual angle of the external 
diameter of the capillary was 1-8°. The visual angle of the diameter of the opal glass (C), 
against which the capillary was placed, was 45°. The lower limb of the capillary passed 
across the centre of the opal glass disk, and the upper limb subtended an angle of 
11-5°. When the axis of symmetry of the sucker and the visual axis coincided, the 
lower limb of the capillary was opposite the fovea and the middle of the upper limb 
cut across the region with the highest rod density. The ends of the capillary had the 
form of small bent funnels (A and B), whose external diameter at their widest part 
was 0°6 mm. A cotton-wool wad was placed inside one of the funnels so that it did 


* As opposed to the “slow” process described in a previous publication [2]. 
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not protrude over the edge. The funnels and the parts of the capillary outside the 
opal glass disk were covered with a layer of glue — shown as a dotted line in Fig. 1 — 
which on hardening protected these parts from damage. 


| j 


Fic. |. A diagrammatic representation of the capillary attached to the opal glass 
of the sucker. 


An alcohol solution coloured black by addition of an aniline dye was introduced 
into funnel A using a micropipette. The black fluid quickly soaked through the cotton 
wool and filled the entire capillary. During evaporation of the fluid the meniscus 
always moved away from funnel B towards funnel A, i.e. towards the cotton wool 
wad as it dried out. The rate of evaporation and the speed of movement of the meniscus 
of the fluid in the capillary changed when the concentration of the alcohol was altered. 
The angular velocity of the meniscus as seen by the subject through the short focus 
lens of the sucker could be determined easily, knowing the length of the capillary 
in degrees and the time taken for the meniscus to move along the capillary (measured 
by the subject himself with the aid of a stopwatch). The velocity of the meniscus in 
angular units varied between several minutes and several degrees per second. By slightly 
increasing the evaporation surface of the solution (funnel A) these velocities could 
be increased 10-20 times. If the internal surface of the capillary was sufficiently clean, 
the meniscus of the coloured solution left no flecks as it travelled along the capillary 
and the capillary remained transparent and little different in colour from the opal 
glass. Up to the establishment of the empty field the subject saw the meniscus as a 
quite distinct moving boundary between the black liquid and the bright opal glass. 
Various interference filters were used in the light source, and the capillary was placed 
in different coloured backgrounds by varying the light incident on the opal glass. 

As has already been pointed out the internal diameter of the capillary equalled 
0-03 mm. Thus the amount of fluid present in the capillary was so insignificant that 
any abrupt involuntary eye movements had virtually no effect on the form of the 
meniscus and the regular even flow of the meniscus in the capillary was not disturbed. 
When the tests were carried out at one temperature and using the same solution the 
scatter of the meniscus velocities from experiment to experiment did not exceed 5 per 
cent. 
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In most experiments two moving menisci were used simultaneously. This was 
achieved in the following manner. After all the fluid had passed from funnel B into 
the capillary, a small amount of fluid was introduced into this funnel using a micropipette 
in such a way that an elongated bubble of air was trapped in the capillary between 
the first and second lots of fluid. In this case two menisci moved in the subject’s field 
of vision, i.e. two boundaries, each of which was a boundary between a white or 
coloured field and a black field. In effect light was switched on by the front boundary 
of the moving bubble and extinguished by the rear boundary. 

Five subjects participated in the experiments. 


EXPERIMENTAL RESULTS 

(1) The picture shown in Fig. 2 was that seen by the subject after the sucker had 
been placed on his eye and an empty field had appeared. Figuratively speaking it 
was as if two comets, one following the other, were visible against a dark background. 


b 


Fic. 2. a— A diagrammatic representation of the opal glass of the sucker and the 
part of the capillary visible to the subject at the beginning of the experiment, i.e. 
before the appearance of an empty field. Black fluid fills the whole capillary and 
moves in the direction indicated by the arrows. An elongated bubble of air moving 
with the fluid can be seen in the lower portion of the capillary. 6 — The picture 
seen by the subject a few seconds after the beginning of the experiment, i.e. after 
the appearance of an empty field. Two “comets’’ move on the background of the 
empty field: a light on-comet and a dark off-comet. 


One of the comets was bright and the other very dark (“blacker than night’’). In 
future we shall refer to the bright comet as the on-comet, and to the dark comet as 
the off-comet. The fore part of each comet (Fig. 2) was of uniform colour. Behind 
this the colour of these regions gradually merged with the apparent colour of the empty 
field. 

Measurement of the length of a comet was carried out in the following manner. 
During the experiment the shadow of a narrow strip of paper was directed onto the 
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opal glass disk. This shadow was visible to the subject against the empty field when 
it was moved across the opal glass. When the shadow passed close to the comet, the 
subject compared the width of the shadow and the length of the comet. It was always 
possible to select a strip of paper whose shadow could be equated to the length of the 
comet. The breadth of the shadow was measured after the experiment. In this way 
we were always able to obtain the relevant information regarding the comet, i.e. to 
know its length in angular units and its angular velocity relative to the retina. 

The boundary of the two fields produced marked alterations in the illumination 
of part the retina as it moved across the empty field, and consequently the fast process 
was invoked. As the boundary travelled across the retina at a constant speed conditions 
were such that the subject could observe simultaneously all stages of the fast process. 

However if the comets are rightly to be considered devices which scan the fast 
processes in space, it is necessary to show that the fast processes in adjacent portions 
of the retina have no substantial effect on one another through horizontal connexions. 
Therefore we attempted to determine how certain stimuli affect the length and colour 
of the comets when these stimuli are applied to a certain part of the retina only. 

Objects of different colour and brightness, with an angular diameter of about 
5-7 . were moved (and consequently seen) on an empty field in direct proximity to 
the on- and off-comets. At the same time no detectable changes in the length and 
colour of the comets were observed. When one of these objects intersected a comet, 
the colour of the comet in that case changed only in the parts directly affected by the 
moving object. 

If some part of the capillary was marked with a black transverse band the comet 
was then seen by the subject as split into two isolated parts as it passed through this 
region. It was found that the length and colour of the on- and off-comets were not 
noticeably altered under these conditions. It was demonstrated with the accuracy 
permissible by this method that the length of the comets changed in proportion to the 
velocity of the menisci. 

The results obtained allow us to regard the comets as spatial scanners of the fast 
process. In fact if the stimuli acting on the parts of the retina bordering on the comet 
do not noticeably affect the length and colour of the latter, the image of the meniscus 
cannot have any effect on the regions it has passed over and in which extinction of 
the fast process has occurred. Besides this there is another fact in support of this 
assumption. It was found that the duration of the fast process, as measured by the time 
taken to establish an empty field, and the duration of the fast process, measured by 
the comet method, were approximately the same (we say approximately since the subject 
had considerable difficulty in deciding the exact moment when differences were no 
longer apparent in the test field). 

(2) The length of the on- and off-comets changed markedly (by a factor of almost 
two) according to the particular region of the retina across which the image of the 
meniscus passed. The on- and off-comets were shortest when the meniscus passed 
over the fovea and the regions adjacent to it. The maximum length was found when 
the image of the meniscus crossed the region of the retina with the highest rod density. 
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(3) When the velocity of the image across the retina was sufficiently low, the menisci 
were not visible and consequently comets did not appear. For instance, when bright 
light fell on the sclera and the apparent brightness of the opal glass of the sucker 
equalled 500 asb, no comets were visible when the angular velocity of the meniscus 
relative to the retina was 18-19 min/sec. On- and off-comets were however seen by 
the subject when the meniscus angular velocity equalled 23-24 min/sec. If the experi- 
ments were carried out without special illumination of the sclera other than the diffuse 
light normally passing through it, the subject was able to detect comets at a meniscus 
angular velocity of 3-5 min/sec. 

(4) As has already been pointed out the anterior portion of each comet was uniform 
in colour (Fig. 2) and behind this it gradually merged with the colour of the empty 
field. It is obvious that the existence of such a segment indicates that the fast process 
changed little in the initial stage and began to be extinguished only after a certain 
interval of time. Measurements indicated that the duration of the initial stage, when 
there was little change in the fast process, was approximately 1-3 sec, and extinction 
took about 3-7 sec. From these figures it follows that in most cases during normal 
vision we make use only of the initial parts of the fast processes, since the period of 
fixation between eye movements lies between 0-2 and 0-8 sec and very rarely is as 
great as | sec [6]. 

(5) Alteration of the spectral content of the light falling on the opal glass of the 
sucker produced no detectable change in the length of the comets. 

(6) Increasing the brightness of the light incident on the opal glass by a factor of 
2-3 led to a 1-5-2 times increase in comet length. 

(7) Subsequently an attempt was made to follow comet behaviour when illumina- 
tion of the eye was increased abruptly. It is well known that a great deal of diffuse 
light reaches the eye through the sclera. 

When the sucker covered the cornea it was a simple matter to alter the amount 
of diffuse light reaching the retina by altering the illumination of the sclera. An abrupt 
alteration of illumination could result in reduction or complete disappearance of the 
comets. It was found that the retina could always be subjected to intensity changes 
of this sort, such that objects which had disappeared as a result of immobility of the 
retinal image remained virtually undetected, while variations in the comets under 
the same conditions were easily visible to the subject. 

Detailed examination of the effect of changes in illumination on the fast process was 
of intrinsic interest and necessitated a large number of experiments, which it was of 
obvious value to carry out in parallel with electrophysiological work on animals. 
This series of experiments will be described in detail in a subsequent paper. Here 
we shall only emphasize the fact that alteration of illumination, in particular, led to 
complete or partial inhibition of the fast process (the comets instantaneously disappeared 
or were reduced, and then reappeared later). This phenomenon is evidently analogous 
to the pre-stimulatory inhibition well known in electrophysiology of the retina [7]. 
Pre-stimulatory inhibition is easily seen in neurograms obtained from the optic nerve 


of experimental animals. An example of this type of inhibition in the optic nerve 
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of the frog is shown in Fig. 3 (the neurograms were made by M. M. Bongard and 
M.S. Smirnov). 

(8) In order to follow the behaviour of the fast processes in conditions closer to 
those of normal vision, a sucker similar to the one described previously was constructed 
as shown diagrammatically in Fig. 4. In this sucker a flat parallel-faced piece of glass 3 
was attached to the body of the sucker. A short-focus lens 4 covering only part of 
the glass sheet was fixed on the front face. The subject was able to see his surroundings 
clearly (as with the naked eye) through the portion of the glass not covered by the lens. 
A capillary 5, similar to that shown in Fig. 1, was firmly fixed a certain distance in 


FiG. 3. Neurograms from the optic nerve of a frog (R. ridibunda). Impulses in response to a change 
from darkness to light are shown in the upper trace: no impulses were recorded up to moment of 
transition. Impulses in response to a change from light to darkness are shown in the second trace. 
Up to the time of transition stable illumination of the retina produced no impulse. The impulses which 
appear in response to replacement of light by darkness and darkness by light are shown in the third 
trace. Impulses from the eye were not recorded up to the moment of switching from light to darkness. 
The passage of impulses continued up to the moment of switching from darkness to light, but was 
completely inhibited subsequently. This pre-stimulatory inhibition can be easily seen in the last trace. 
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front of the lens by means of a support attached to the body of the sucker. The lens. 
4 enabled the subject to view clearly the capillary and the fluid meniscus travelling 
within it. 

After the sucker had been fixed on the subject’s eye, the image of the surroundings 
and the image of the capillary were superimposed on one another. For the first few 
seconds the subject saw a sharp image of the capillary as a shadow superimposed 
on the particular fixed background used. Subsequently, as a result of the immobility 
of the capillary relative to the retina, the shadow disappeared and only reappeared 
distinctly when change of the points of fixation was accompanied by a considerable 
change in the colour of the object which formed a background to the capillary. When 
the subject ceased to perceive the capillary, movement of the menisci of the black 
fluid within the capillary resulted in the appearance of on- and off-comets. The subject 
saw the comets against a background of the surroundings, while the faint image of 
the capillary which sometimes appeared on change of points of fixation did not hinder 
the subject’s observation of the former. 


Fic. 4. Diagram of the type of sucker used in one of the experiments. 
| —the body of the sucker made of thin duralumin.; the edge of the sucker is 
flanged slightly to prevent it slipping on the eye ball; 2 — rubber bulb to provide 
reduced pressure in the space between the body of the sucker and the eye; 3 —a 
parallel-faced glass plate; 4 — short-focus lens; 5 -— glass capillary. 


The following experiment was carried out. Three screens were placed in front 
of the subject. One of them was multicoloured (cardboard with pieces of different 
coloured paper glued onto it). The second screen had two halves of slightly different 
colour. And, lastly, the third screen consisted of a uniformly coloured and illuminated 
sheet of paper. The subject viewed each of the screens at such an angle that the image 
of the capillary and consequently the comets were easily contained within it. 

During the experiment the subject in turn looked at each of the screens and changed 
his points of fixation such that the comets remained within each screen. It was found 
that when the subject changed his points of fixation on the first screen, every such 
change was accompanied by immediate disappearance of the on- and off-comets and 
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subsequent reappearance of the latter. When points of fixation on the second screen 
were changed, so that at the moment of change there was a slight variation in the 
backgrounds against which the comets were visible, some reduction in the size of the 
comets could be observed followed by a gradual increase to the original lengths. And, 
finally, altering the points of fixation on the third (uniformly coloured) screen produced 
no detectable alteration in the lengths of the on- and off-comets. 

It is obvious that the reduction and disappearance of the comets described above 
can be regarded as indices of the complete or partial inhibition of the fast process in 
the portions of the retina where alterations in the comets were apparent during and 
after change of points of fixation. From the experiments described it can be stated 
that the simultaneous fast processes, which occur in different portions of the retina 
in accordance with the changes in illumination produced as a result of an alteration 
of points of fixation, can be inhibited completely, partially or not at all. 

(9) It follows from what has been stated above that in certain real conditions 
the fast process in a particular part of the retina can be completed without inhibition 
and replacement by another fast process. The question consequently arises as to what 
the subject actually perceives. The answer to this question was in essence contained 
in previous work [2], where the following facts were observed. When a screen of 
uniform colour is placed in the field of vision of the subject, and the subject fixes his 
gaze on some point so that the angular magnitude of involuntary eye movements 
is considerably less than the angular dimensions of the screen, there will be an area 
within the retinal image of this screen whose illumination is not altered with time and 
an empty field will appear within the screen after a few seconds. Experiments have 
shown that in ordinary conditions the appearance of an empty field of this sort was 
not noticed by the subject, since it acquired the apparent colour of the screen. The 
following fact, however, must be taken into account here. During fixation the human 
eye constantly makes slight movements, and consequently in our case the image of 
the edge of the screen will be in constant irregular motion. In addition each eye 
movement will be accompanied by an abrupt change in illumination, and consequently 
by the appearance of a new fast process in the part of the retina, where eye movement 
caused a shift in the image of the edge of the screen. 

We have shown earlier [2] that the apparent colour of an empty field within a 
uniformly coloured screen is determined by the surroundings, i.e. it is as if we 
“extrapolate” to the empty field the colour visible to us along the edges of the screen. 
Moreover the phenomenon which we “extrapolate’’ is discreet (alternation of fast 
processes, inhibition), while what we obtain as a result of extrapolation is continuous 
(the apparent colour of the empty field within the screen does not vary with time as 
long as the subject fixes on one point). The following experiment was carried out 
to analyse this case in more detail. 

An opal glass screen was placed in front of the subject: it could be uniformly 
illuminated and the experimenter could alter the colour of the illumination instant- 
aneously by placing filters between the objective of the light source and the opal glass. 
The angular dimensions of the opal screen and its brilliance were chosen so that altera- 
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tion in illumination through the sclera during colour change did not in itself induce 
any fast processes. A sucker with a small diaphragm [5] was placed on the subject's 
eye. Through this he was able to see his surroundings, including the opal glass screen. 
An opaque disk (of any colour), firmly attached by small rods to the body of the sucker 
and hence fixed relative to the retina, was placed in front of the diaphragm. The angular 
dimensions of the disk were considerably less than the angular dimensions of the 
screen. The subject was required to select a point of fixation such that the disk was 
wholly within the background of the screen. After a few seconds an empty field appeared 
in the disk within the screen, and the apparent colour of the disk merged with the 
apparent colour of the screen (the subject saw in front of him a uniformly coloured 
opal screen). The experimenter then abruptly altered the colour of the screen; the 
colours used are not important, and we can say colour A was replaced by colour B. 
It was natural that a new fast process would arise as a result of such an alteration, 
corresponding to the entire retinal image of the screen excluding the part occupied 
by the disk where nothing was changed and where consequently an empty field 
remained. 

After a new fast process had been initiated, i.e. the subject was shown a screen 
of colour B, the apparent colour of the empty field of the disk remained the same for 
a certain period of time, i.e. colour A, and then 2-3 sec after the colour switch it 
gradually changed to colour B, merging completely with the screen. It should be 
mentioned here that analogous results, which have been described earlier [5], were 
obtained when the disk was transferred from a screen of one colour to a screen of 
another colour by means of the subject’s own eye movements. 

A whole series of analogous experiments have demonstrated that the perception 
of the colour of an empty field is possessed of a certain inertia. This inertia allows 
us by “extrapolation” from the edges of a uniform surface as described above to see 
this surface as unchanged in colour under conditions in which the image of the edges 
is in constant movement on the retina, and which in its turn is necessary for our per- 
ception of these edges. 
SUMMARY 
(1) We have used the term “fast process” to describe the process of discrimination 
within the limits of a fixed and stable retinal image. The beginning of the “fast’’ process 
was taken as the moment when the last alteration in the incident light occurred, and 
the establishment of an empty field was regarded as the end of the process. A method 
has been described, which permits spatial scanning of the fast process, and a certain 
amount of information about this process has been obtained by this approach. 

(2) Some analogies were observed between the course of the fast process and the 
transmission of impulses along the optic nerve in experimental animals in response 
to alterations in the illumination of the eye. 

(3) It has been established that there is a definite inertia in the perception of the 
colour of an empty field and that this must play an important part in normal vision. 


Translated by C. R. PRINGLE 
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THE ROLE OF CONVERGENCE 
IN STEREOSCOPIC VISION * 


V. D. GLEZER 


The Paviov Institute of Physiology, Academy of Sciences of the U.S.S.R., Leningrad 


(Received 30 December 1957) 


[Ht role of convergence in stereoscopic vision has been a subject of long-standing 
debate in physiological optics [1]. Interest in this question has increased recently due 
to its importance in the decision of certain practical problems. The extensive discussions, 
in which the scientists of several countries have participated, are proof of this. 
This debate was initiated by the work of Wright [2] who compared stereoscopic 
vision involving convergence and stereoscopic vision in the absence of convergence 
(conditions A and B respectively). In case B (Fig. 1) the observer constantly fixed 
on object P (spots of light on a background of total darkness served as objects P and Q). 
Perception in depth of object Q relative to object P in this case could result only from 
disparity of the retinal images p.g, and p,q, (effects due to accommodation and the 
size and brightness of the objects were excluded). In case A the observer switched 
his gaze from P to Q. It was the author’s contention that convergence as well as 
disparity would be concerned in estimation of the position in depth of Q relative to P, 
since changes in convergence would result when the observer shifted his gaze from P 
to QO due to the different locations of P and Q in space. It was found, in fact, that 
stereoscopic visual acuity was greater in the second case (A). Wright considered that 
this increase in acuity was proof of the participation of convergence in stereoscopic 
vision. Moreover, according to the same author, the role of convergence increased 
as the angular separation of P and Q increased, i.e. as the field of vision was widened. 


* Biofizika 4: No. 3, 329-335, 1959 
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Objections to this conclusion were raised by Ogle [3]. Ogle [4] repeated Wright’s 
experiments, but gave them a different theoretical interpretation, in which the increased 
precision of the threshold in case A could be explained on the basis of disparity alone 
without considering convergence. This is possible if intermediate fixation* occurred 
when the observer transferred his gaze from P to Q (indicated by a dotted line in Fig. 1). 
Images of objects P and Q, located symmetrically relative to the intermediate point 
of fixation, would fall on a sector of the retina with greater visual acuity than was 
the case when the observer fixed on either P or Q. This would result in an increase 
in stereoscopic visual acuity. Wright [5] did not agree with such an interpretation, 
pointing out that it could not explain all the results obtained. 


Gq 


Fic. 1. A diagrammatic representation of the experiments of Wright (1951) and 
other authors, who have verified his results. 


Rady [6], and Rady and Ishak [7] repeated Wright’s studies in great detail, increasing 
the number of persons examined and the angular separation of the objects. They 
arrived in general at the same conclusions as Wright, but in contrast to him they 
considered that convergence played only an auxiliary role in stereoscopic vision in 
comparison with disparity. At the same time they did not consider Ogle’s interpretation 
impossible. 

Ishak, Hefzalla and Badawy [8] carried out experiments in which one light was 
extinguished when another appeared. With such an experimental arrangement the 
threshold of absolute remoteness [9], rather than the stereoscopic vision threshold 
(the threshold of relative remoteness) was measured, and therefore discussion of this 


* However Ogle considered that this interpretation was still possible even if intermediate fixation 
was discounted. 
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work lies outside the scope of the present paper. Ogle [10], justly pointing out the 
complexity of the conditions in such experiments, did not exclude the possible effect 
of disparity on the results. 

Finally Weale [11] considered that a practical consequence of experiment A (change 
of fixation points) was that the number of estimates was doubled and that this would 
result in a reduction of the threshold (measured as a standard deviation) by 2 = 

1-41 times. This value was close to, but not coincident with, that calculated from 
experimental data (1-48 times). Apart from this it is difficult to agree with such an 
interpretation for the simple reason that duplication of the number of observations 
does not alter rhe standard deviation (of the threshold), but merely reduces its error. 

In all these papers it is assumed that there is always a change in convergence when 
the observer switches his gaze from one object to another at a different distance from 
him. It is relevant, however, to consider whether changes in convergence actually 
occur when the objects are separated by short distances corresponding to the threshold 
values of stereoscopic vision. 

As an experimental approach to this problem a comparison was made between 
the thresholds of convergence or divergence reflexes and the thresholds of stereoscopic 
vision in seven test subjects. This investigation was carried out using spots of light 
appearing on a black background in an unilluminated room. The observer viewed 
a 1 mm diameter opening in a blind, behind which was positioned an opal glass screen 
illuminated by a lamp. The surface brightness of the opal glass was 100 nx. The blind 
could be moved on an optical bench by means of a rider. The observer’s head was 
held by means of a dental-chair headrest and aligned so that the axis through a number 
of consecutive positions of the opening in the blind bisected the interpupillary distance. 
A translucent mirror, which provided an image of another light spot of identical 
brightness and size, was set at an angle of 45° to this axis. The second spot was always 
at a distance of 2 m from the observer. 

In determining the convergence thresholds, movement of the right (leading) eye 
was recorded using a photoelectric device which has been described elsewhere [12]. 
The observer looked at the spot in his field of vision. He saw that the spot shifted 
rapidly (jumped) from one position in depth to another. The apparent displacement 
of the spot was achieved by alternate illumination of the openings by a relay. The 
first opening was always 2 m from the observer, while the second opening could occupy 
a number of consecutive positions on the bench. These positions were calculated 
such that the angles subtended by the spot relative to each eye of the observer equalled 

-12, —10, —8, —6, —4, —2, 0, 2, 4, 6, 8, 10 and 12 angular minutes, if the spot 
at 2 m distance is taken as the zero point. Fifty reflexes were recorded for each 
position in the series. 

The results obtained for one test subject are given in Fig. 2, where the position 
of the migrating spot is given along the abscissa and the convergence or divergence 
reflex percentage for the given position is given along the ordinate. The magnitude 
of the zone of absence of convergence was taken as the difference on the abscissae 
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of points whose ordinates equalled 50 per cent, i.e. those points where no reflex was 
recorded in half the cases. 

The stereoscopic vision thresholds were determined with the same arrangement, 
except that the migrating spot was visible at an angle of 12 min below the fixed spot. 
Moreover the migrating spot could be in one of 5 positions separated by 2 mm intervals 
on the optical bench. 
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Fic. 2. The probability of occurrence of con- FiG. 3. Determination of the stereoscopic 
vergence or divergence reflexes in relation vision threshold in test subject S.O. 
to the separation of the objects in depth. 

Test subject S.O. 


The test was conducted in the following manner. Following a warning the observer 
fixed his gaze on the spot 2 m away from him. Following a second warning the second 
spot appeared in one of its 5 possible positions. The observer was forbidden to transfer 
his gaze from the first to the second spot. The length of time allowed for observation 
in each case was unlimited and the observer had to decide whether the second spot 
was nearer or further away than the first spot. An answer of equidistance was not 
allowed. After 50 presentations the observer was given a 5 min rest. In preliminary 
training experiments, stability of response was achieved and the working positions 
of the transition point were determined. The thresholds were then measured in two 
experiments, involving 100 presentations at each position. In this way the stereoscopic 
vision thresholds were found from 500 measurements. 

The results presented in Fig. 3 were obtained from the same person who provided 
the figures for the convergence thresholds shown in Fig. 2. As usual, the stereoscopic 
vision threshold was taken as the standard deviation value measured as the difference 
on the abscissae of the points on the curve with ordinates equalling 50 and 16 (or 84) 
per cent. 

The stereoscopic vision thresholds and the convergence thresholds for all 7 persons 
studied are given in Table 1. The conclusion, which can be drawn from these results. 
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would seem to refute the involvement of convergence in stereoscopic vision. In fact 
the convergence thresholds exceed the stereoscopic vision thresholds by such a large 
amount in absolute terms that the question of the involvement of convergence in 
stereoscopic vision at such small angular separations in general does not arise, since 
convergence does not result when the points of fixation are changed. 


TABLE | 


| Convergence Stereoscopic vision thres- 
Fest subject thresholds in angular | in angular seconds 


minutes 


3-3 


L.A 333 46 
Kh, Zh 7-2 
Vv. P 5-0 8-8 
M.1 5-4 9-0 
5-5 6°5 


71 


Average 45 


However, statistical treatment of these results has shown that there is a high 
correlation coefficient (r = 0-89). This correlation is highly significant (0-01 > P > 

0-001). 

On the other hand, from more detailed analysis it can be concluded that convergence 
can and must play a substantial role in stereoscopic vision. In support of this con- 
clusion we shall make use of the most fully presented part of Rady and Ishak’s data [7], 
which was the result of observations on 10 persons. 
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Fic. 4. The relation of the stereoscopic Fic. 5. The dependence of the relative 


vision threshold to the angular separation role of convergence in determining the ster- 
of the objects, from the averaged data of eoscopic vision threshold on the angular 

Rady and Ishak [7]. separation of the objects, from Rady and 
Ishaks’ data [7]. 
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The relation between the stereoscopic vision thresholds in the case of constant 
fixation of object P (condition B) and the angular separation of the objects is shown 
in Fig. 4 using Rady and Ishaks’ data. Even a single comparison of the stereoscopic 
vision thresholds determined at small angles of separation indicates that convergence 
may be involved in stereoscopic vision in the case of these angles. 

Let us consider this hypothesis. Wright and Rady and Ishak make the assumption 
that disparity and convergence are independent and that over-all stereoscopic acuity 
is the sum of these two factors. Then for a given angle of separation O stereoscopic 
acuity can be expressed as Dg in the case of constant fixation (condition B), and as 
(Cg-+-Dg) in the case where movement of the eye is permitted (condition A). The 
relative role of convergence in determining the stereoscopic vision threshold in case A 
can be determined as a percentage from the relation (—C,+D,)/D,. taking D, = 1. 
This relationship in the case of Rady and Ishaks’ figures is shown in Fig. 5. 

We can now compare the graphs given in Figs. 4 and 5 and construct on the basis 
of these graphs another excluding the common parameter 9 (Fig. 6). The relationship 
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Fic. 6. The relationship between the relative role of convergence and the stereoscopic 
vision threshold (solid line) and the dependence of the probability of occurrence of 
convergence on the “zone of incomplete convergence” (circles). Averaged figures 
obtained by Rady and Ishak [7] from ten test subjects and by the author from seven 
test subjects. 


between the relative role of convergence in determining the stereoscopic vision 
threshold and the value of the latter is given in the resultant graph. 

We can compare this relationship with our own results taken as an average for 
the 7 persons involved. The curves of the distribution of the convergence thresholds, 
obtained by averaging the individual curves, are shown in Fig. 7. As has already been 
stated above, the convergence threshold was taken as the difference between abscissae 
of points whose ordinates equalled 50 per cent. For the averaged curves the threshold 
equalled 4-5 angular minutes. This means that there is a zone in space around the 
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fixation point whose depth relative to the eyes of the observer equals 4:5 min. 
Displacement of the fixation point within this zone causes a corresponding movement 
of the observer’s eyes in 50 per cent of cases only. Accordingly if a higher level of 
probability of occurrence of a reflex is considered, the “zone of incomplete convergence” 
is increased, whereas in the case of lower levels of probability it is reduced. We can 
transfer the data calculated in this manner to the graph in Fig. 6. 

If the curve of the relationship obtained lies parallel to the curve expressing the 
dependence of the relative role of convergence on the absolute value of the stereoscopic 
vision threshold, then this alone would be an indication that convergence is to a certain 
extent involved in determining the stereoscopic vision threshold. This would be an 
indication that this involvement increases in proportion to the probability of occurrence 
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Angular minutes 


Fic. 7. The probability of occurrence of convergence in relation to the angular 
displacement of the object. Averaged figures from seven test subjects. The dispersion 
is indicated by shading. 


of convergence, which in its turn is dependent on the stereoscopic vision threshold. 
The larger the stereoscopic vision threshold, as determined in the case of constant 
fixation (condition B), i.e. the larger the zone which is required to produce the necessary 
eye movements for increasing the precision of the threshold by proprioceptive means, 
the greater the chance of occurrence of this movement and the greater the stereoscopic 
acuity if eye movement is permitted. Therefore the relative role of convergence 
increases as the angular separation of the objects increases. 

We see, however, that these curves not only run parallel, but are virtually coincident, 
i.e. the probability of producing convergence for the given zone coincides numerically 
with the relative role of convergence in determining the stereoscopic vision threshold. 
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It appears to us that this interesting fact can only be explained as follows. When 
convergence is fully operative, the contribution of convergence to stereoscopic vision 
is equal to the contribution of disparity. When convergence is not fully operative, 
an increase in the number of convergence reflexes observed increases by the same 
amount the role of this reflex in determining the stereoscopic vision threshold. 
This conclusion contradicts the generally accepted conception, that if convergence 
plays any role at all, such a role is of secondary importance and convergence is purely 
a mechanical factor facilitating actuation of the disparity mechanism. At the same 
time the conclusion that the roles of convergence and disparity in stereoscopic vision 
are identical is in accord with general physiological concepts of the function of the 
motor part of the visual analyser in the act of vision. 


SUMMARY 


(1) A high correlation was observed between convergence thresholds and ste- 
reoscopic vision thresholds (7 = 0-89, 0-01 > P > 0-001). 

(2) The convergence thresholds were 30-50 times greater than the stereoscopic 
vision thresholds in the case of foveal vision. Therefore convergence cannot be involved 
in stereoscopic vision when there is a small angular separation of the objects observed. 

(3) The probability of occurrence of convergence was higher, the further apart 
the objects were separated in depth. Since the stereoscopic vision thresholds increase 
towards the periphery of the field of vision, the role of convergence in their determina- 
tion increases accordingly. 

(4) When convergence was present to its fillest extent (the convergence stimuli 
were above the threshold value), the contribution of convergence to stereoscopic 
vision equalled the contribution of disparity. 

(5) The role of proprioceptive signalization in stereoscopic vision has been 
confirmed. 


Translated by C. R. PRINGLI 
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COLOUR MIXTURE CURVES IN TRICHROMATS 
OBTAINED BY DIRECT ENERGY MEASUREMENTS* 


G. K. Gurtovoi and E. V. Now’pe 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 26 July 1957) 


IN recent years Stiles [1] and Fridrikh [2] have come to the conclusion that it is necessary 
to obtain colour mixture curves by direct measurement of the energy of matched 
colours and they have made measurements accordingly. The theoretical basis of the 
need to obtain colour mixture curves by direct energy measurements is given in 
Niuberg’s paper [3]. 

When we compared the results given in the two above papers [l, 2],7 some 
discrepancy was observed between them. It was therefore considered expedient to 
publish our own colour mixture curves, which were obtained by direct energy 
measurements for a field of vision of 2° diameter. One reason for selecting such a 
field is that Stiles’s, Fridrikh’s and the C.I.E.~ (measured by Guild and Wright) curves 
are given for small fields, and we wished subsequently to compare our own data with 
these measurements. 

After this paper had been submitted Speranskaia’s [4] work was published. 
Unfortunately no numerical data on the co-ordinates of the spectral colours are given 
in this paper. The absence of these figures has made it impossible to compare these 
measurements with the results of other authors. 


APPARATUS AND MEASUREMENT TECHNJQUE 


A UM-2 monochromator and a Demkinaya type colorimeter were employed in 
our apparatus; the important features of the optical design of the apparatus are given 
in Fig. 1 (a). The observer’s eye /5 saw the image of a circular diaphragm /2 formed 
in lens /3. The Lummer cube // enabled the diaphragm to be viewed in two halves. 
One half-field was illuminated by two colours, namely light from the exit slit of the 
monochromator 8, and light from the “desaturator’’ (2/, 22, 23, 24, 25); the other 
half-field was illuminated by a mixture of three colours from a trisegmental light 
filter 17. 

The test field was circular in form with a diameter of 2°. The brightness of the 
test field was of the order of 100 asb for the middle of the spectrum and of the order 
of 10 asb for wavelengths of 440 and 670 my with a further decrease up to 400 and 


* Biofizika 4: No. 3, 336-344, 1959. 
t Both groups of colour summation curves were recomputed for the same primary colours (see 
Fig. 3). 
C.1.E. —- Commission Internationale de l’Eclairage. 
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700 my. The order of magnitude of field brightness was determined by binocular 
heterochromatic brightness-matching. 

The path of light through the monochromator and the desaturator can be represented 
in the following manner. A condenser 2 created an image of the filament of lamp / 
on the monochromator entry slit 4. A filter 3 served to reduce errors from diffused 
light in the monochromator. 

The image was projected by objective 7 through the exit slit 8 on to a matt glass 
surface 9. An image of glass 9 was formed on lens /4 of the ocular by lenses /0 
and /3. The position of the filament of lamp / and the condenser 2, were selected so 
that the glass with the matt surface was evenly illuminated no matter what the position 
of prism 6. This adjustment ensured that colour matching was maintained in the case 
of eye movements perpendicular to the axis of the ocular. 


Fic. 1. The principal features of the apparatus. 


As mentioned, light from the desaturator also illuminated the half-field which 
received light from the monochromator. A vessel /6, whitened on the inside with 
magnesium oxide and housing a 300 W bulb, was the light source for the desaturator. 
Lens /3 and the elements of the optical system of the desaturator (2/7, 22, 23, 24 and 25) 
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formed an image of an evenly illuminated portion of the back wall of the vessel on 
lens /4 of the ocular. The colour of the light issuing from the desaturator depended 
on light filter 23; various light filters were used according to requirements. 

Illumination of the other half-field with a trichromatic mixture was obtained as 
follows. As in the case of the desaturator, vessel /6 was the light source. An evenly 
illuminated sector of the back wall of the vessel was projected by condenser /8 on 
to a white diffuse reflecting plate /9 (coated with magnesium oxide). A trisegmental 
disk (Fig. | (6)) covered by light filters f was placed in front of the condenser. These 
light filters, indicated by the figure /7 in Fig. | (a), determined the quality of the 
primary colours. A screen s also sectorial in form was mounted close to the disk. 
The working area of the sectors of the filter disk could be changed by moving the 
segments of this screen (by three handles). Mixture of the primary colours on plate 19 
was effected by condenser /8, which superimposed three coloured images of the wall 
of vessel /6, corresponding to the beams of light passing through the light filters, on 
plate 7/9. An image of plate /9 was projected on to the eye-piece /4 by lenses 20 
and /3. 

Masking of each of the filter sectors (Fig. | (4)) regulated the amount of a primary 
colour falling on the test field. The reading on a special scale indicated the degree 
of masking of a sector, i.e. the amount of primary colour: the linearity of the grada- 
tions on the scale was checked photoelectrically. The homogeneity of the filter sectors 
was checked over their whole surface and was found to be extremely good. The 
incandescent lamp of the colorimeter, from which the primary colours were obtained, 
was under-run (110 instead of 127 V) so that its deterioration during a series of 
measurements would be negligible. 

As a rule, the filter for the desaturating colour (Fig. | (a), 23) was selected so that 
one primary colour only was sufficient for measurement of this light; consequently 
the error in measurement of this desaturating colour (in comparison with random 
variation in the matching measurements for the summation curves) was negligible. 
and use of a constant desaturating colour did not substantially reduce the accuracy 
of the measurements. A desaturating colour, which required a mixture of three primary 
colours for its measurement. was only used in the 520-540 my range. But in this case 
also the additional error introduced was very small, owing to the fact that a large 
number of matchings were carried out in measuring the hue of a given desaturating 
colour. During the experiment the intensity of the desaturating colour was usually 
unchanged, although in some cases its intensity was reduced by the addition of a neutral 
light filter. 

The breadth of the slits in the monochromator were selected so that high mono- 
chromaticity was possible when the primary colour sectors were quite extensively 
masked. The breadths of the entrance and exit slits were the same. 

Slits of sufficient width were required in the monochromator in order to provide 
sufficient brightness in the test field. The result of this is that colour matching was 
determined for light which was to an appreciable degree non-monochromatic. In our 
case it was found that wave-lengths 2+-AA where 1A = 2-4 my, were present in the 
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test field over the spectral range 520-660 mu. At the edges of the spectrum J/ reached 
5-7 mu (the non-monochromaticity value 42 having been obtained from dispersion 
measurements). Other workers have also found .1A to be of considerable magnitude. 
However, we consider that the ordinates which were obtained were those of the summa- 
tion curve for wave-length, i.e. the wave-length corresponding to the middle of the 
wave-length interval. An extrapolation method of this sort for obtaining ordinates 
of summation curves for a fixed wave-length by colour matching for quasimono- 
chromatic light requires special theoretical consideration, and this matter has not 
received proper attention previously. 

In our case we showed experimentally that a further reduction in the width of 
the slits, which had been selected to obtain colour matching, led to no substantial 
alteration in the results obtained. These experiments are described below. 

For the 430 my region the breadth of the entrance and exit slits was 0-6 mm. 
corresponding to a non-monochromaticity of -}-2-7 mu. Ifa colour matching was carried 
out for slits of 1-2, 0-8 and 0-6 mm (entrance and exit slits being equal) without changing 
the position of the monochromator prism, it was found that the ordinate corresponding 
to the “major’’ blue primary increased by 3-3 per cent on transition from 1-2 to 0-8 mm, 
and only by 1:7 per cent on transition from 0-8 to 0-6 mm (working breadth). It should 
be remembered that in the case of equidimensional entrace and exit slits non-mono- 
chromaticity (1A) is proportional to the breadth of these slits. 

For the 670 my region the breadth of the slits which we used was 0-3 mm, correspon- 
ding to a non-monochromaticity of about +4 mu. When colour matching was carried 
out for slits of 1-0, 0-5 and 0-3 mm, without changing the position of the monochromator 
prism, it was found that the ordinate corresponding to the “major’’ red primary was 
reduced by 7-8 per cent on transition from 1-0 to 0-5 mm, and by 2-2 per cent on 
transition from 0-5 to 0-3 mm (working breadth). 

Finally for the 550 mu region analogous measurements involving a five (!) times 
reduction of the slits from 1-0 to 0-2 mm (working breadth) only resulted in a 0-5 per 
cent shift in the ordinate of the “major” green primary. 

The ordinates of the “minor’’ primaries for the 430 and 670 my regions did not 
change systematically in any particular direction (i.e. did not increase or decrease 
progressively) when the breadth of the slits was progressively altered (widening or 
narrowing them over the range of dimensions given above). 

Special light filters (Fig. 1 (a), 3) were placed in front of the entrance slit to reduce 
errors in the monochromator due to diffused light. Since we used a bismuth-caesium 
photomultiplier with a high sensitivity at the blue end of the spectrum, the following 
Schott light filters were employed: GGS for 480-540 mu, GGI1 for 550-630 my, 
OGS5 for 640-660 mu and RGI for 670-700 mu wave-lengths; in certain cases filters 
BG23 and BG 25 were used together for 400 and 410 mu wave-lengths; all the light 
filters used were 2 mm thick. 

In colorimetry the energy of the monochromatic light was controlled by a voltmeter 
(class 0-2), which measured the voltage on the monochromator lamp. As the voltmeter 
scale had a large number of divisions, an alteration of one division on this scale corres- 
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ponded to alteration in the energy of the light of only 0-3-0-4 per cent. Variation 
of the energy of the light in repeated adjustments of the apparatus to the same voltage 
was less than | per cent. The monochromator lamp as a rule was under-run so that 
deterioration of the filament was negligible during a particular series of experiments. 
Thus owing to the high stability of the light emitted by the monochromator and the 
fine scale of the voltmeter. we were able to measure the energy once for a whole series 
of matchings, instead of after each one. The energy of the monochromatic light 
therefore was measured at the end of a series of tests with a single observer (as the 
average values of the fixed readings of the voltmeter during the tests). 

Measurements were made at 10 mw intervals between 400 and 700 my. The 
observer as a rule made five colour matchings for each wave-length. Moreover the 
observer was permitted to alter three (according to prior instruction) of the four 
possible colours (the three primaries and the monochromatic light); the three variable 
colours were the same for all five matchings at each wave-length. In a number of 
cases measurements were made for several different combinations of three variable 
colours, five matchings however being made for each combination. The average 
values of the readings of the primary filters (from the results of five matchings) were 
used in subsequent calculations. The average value of the voltmeter readings was 
used to determine the energy of the monochromatic light. 

From what has been said above it is clear that all that was required was measurement 
of the energy of the monochromatic light, and the values for the primary colours 
could be measured on a scale recording the masking of the primary colour filters. 

A photomultiplier designed by the All-Union Energetics Institute employing a 
bismuth-caesium photocathode was used to measure the energies. This photomul- 
tiplier impressed us by its relatively high sensitivity in the long wave part of the spectrum 
and by its high stability. The light-sensitive surface of the photomultiplier was 
positioned close behind the exit diaphragm of the apparatus. Very little light fell on 
the light-sensitive surface in this position, but it ensured that the light which was 
measured was the same as that which fell on the eye. We managed to select working 
parameters for the photomultiplier such that its instability was not more than 1|-3 per 
cent despite the low intensity of the light. 

The curves of spectral sensitivity of the photomultiplier were determined twice 
using a UM-2 monochromator with a standard selenium photoelectric cell obtained 
from the All-Union Light-technology Institute. On recalibration after 6 months the 
largest divergence was found in the 520-620 my range and equalled 3-6 per cent. 
A spectral sensitivity curve, averaged from the two calibrations, was used in computing 
energies. Care was taken to calibrate the same part of the photomultiplier as was 
used for measurement. During calibration, different light filters were used which 
greatly reduced the effect of diffused light from the monochromator. 

The experiments were carried out in an illuminated room in an attempt to reduce 
to some extent interference from the rod apparatus of the eye in colour matching. 
In the intervals between measurements the observer viewed a white screen approximately 
equal in brightness to the test field. Care was taken to ensure that the observer’s eyes 
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were adapted to the white screen before final matching was carried out. Measures 
were also taken to prevent diffused light from the room falling on the test field and 
influencing the experimental results. 


EXPERIMENTAL RESULTS 

The initial data, in energy units, were used to construct mixture curves for primary 
colours, whose precise values were determined by the filters employed in our apparatus. 
Since we wished to compare our results with Stiles’s, Fridrikh’s and the C.I.E. data, 


TABLE |, AVERAGED TRICHROMATIC MIXTURE CURVES FOR OUR THREE OBSERVERS 


Wave-length | 645-2 526-3 444-4 Wave-length | 645-2 526°3 444-4 
(my) (mp) 


400 0°008 —0°002 0°04 550 0°98 1°04 
. 410 0°06 —0°01 0°37 560 1°47 0°94 0°00 
420 0°08 —0°02 0°62 570 2°01 0°81 0°00 
150 430 0°05 —0°01 0°72 580 2°68 0°65 0°00 
440 0°02 —0°01 1°05 590 3°17 0°45 0°00 ° 
44°4 0°00 0°00 1°00 600 321 0°28 0°00 
450 —0°04 0°02 0°91 610 2°99 0°13 0°00 
460 —0°06 0°05 0°66 620 2°56 0°065 0°00 
470 —0°17 0°12 0°46 630 1°90 0°02 0°00 
480 —0°20 0°18 0°35 640 1°24 0°00 0°00 
490 —0°23 0°27 0°20 645'2 1:00 0°00 0°00 
500 —0°28 0°41 0°13 650 0°74 0:00 0°00 
510 0°26 0°67 0°06 660 0°42 0:00 0°00 
520 —0'18 0°89 0°02 670 0°22 0°00 0°00 
526°3 0°00 1°00 0°00 680 0°095 0°00 0°00 
530 0-12 0°14 —0°01 690 0°04 0°00 0°00 


0°02 0°00 


1°03 


which are given for different primaries, we selected the following common primaries 
as a basis for recalculation: 444-4, 515-0 and 645-2 my (Figs. 2, 3 and 4 are adjusted 
to these values). The results of recalculation of the summation curves for these 
primaries for each of three observers is shown in Fig. 2; the averaged mixture curves 
are given in Fig. 3 (for the same primaries) and in Table 1.* Stiles’s, Fridrikh’s 
and the C.I.E. mixture curves, recalculated for the new primary wave-lengths, are 
also included in Fig. 3 for comparison. 

The measurements described were carried out on three observers — all normal 
itrichromates, whose colour vision was checked from Rabkin’s tables [5]. We limited 
our investigations to three observers for the following reasons. Data derived from 
investigation of a large number of observers would be of interest only if the variation 
of the individual mixture curves was greater than or commensurate with the variation 


444-4, 526:3 and 645-2 my, since these have 


* The table is given for a different set of primaries - 
gained more favour in recent times. 
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due to other factors (systematic errors in the apparatus, variation in the conditions 
under which the mixture curves were obtained). However comparison of Figs. 2 and 3 
shows that the variation between individual mixture curves is considerably less than 
variation of the mixture curves due to systematic errors in the apparatus. An analogous 
conclusion can also be arrived at by using the data given in Stiles’s and Fridrikh’s 
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Fic. 2. The trichromatic mixture curves for our three observers obtained by direct measurement of 
the energies of the light beams. 


papers [1, 2} for each of the individuals studied. The variation between the individual 
mixture curves in these cases is also considerably less than variation due to differences 
in the size of the field of view and its brightness. Consequently there are no reasons 
for making special measurements on a large number of observers. 
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DISCUSSION AND CONCLUSIONS 


(1) For the small field of view (1-5-2°) under consideration there are three groups 
of trichromatic summation curves, which have been obtained by direct measurement 
of the energies of the light beams. These three groups, i.e. those obtained by Stiles, 
Fridrikh and ourselves, are shown in Fig. 3. Each group of mixture curves was obtained 
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Fig. 3. Trichromatic colour mixture curves (for primaries of wave-lengths 444-4, 515-0 and 645-2 my): 
| — the average results for the three observers in our experiments; 2 — Stiles’s data: 3 — Fridrikh’s 
data: 4 — the C.LE. curves. 


independently on different apparatus and consequently include different systematic 
errors. The differences in systematic errors are due to the errors inherent in each 
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type of apparatus, and possibly to differences in the conditions of observation. It 
should be noted that the differences of brightness with which the different authors 
worked could scarcely have any substantial effect on the results, since in the case of 
small fields (1-5—2°) the rods have no substantial effect on the colour mixture curves [6]. 


650 700 1m: 


Fic. 4. | — The bands representing the accuracy with which the “energy” colour mixture curves are 
known for a 1:5—2° field of view. 2 — The C.I.E. mixture curves for comparison. 


From the fact that the corresponding curves of the three groups differ from one 
another, it can be concluded that the sum of the systematic errors in each is different. 
Since the total magnitude of the possible systematic error has not been determined 
in any of these investigations, no preference can be given to any particular group 
of curves. 
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Therefore it can be stated that for small fields of view (1-5-2° in angular diameter) 
we now have “energy” colour mixture curves* of an accuracy no greater than can 
be displayed as bands in Fig. 3 it is necessary in the case of a given wave-length to 
take the two most extreme ordinates of the three (Stiles’s, Fridrikh’s* and our own) 
in determining the summation curve. The band obtained in this way is shown in 
Fig. 4. The C.I.E. curves are given alongside for comparison. 


(2) The C.I.E. curves were determined by indirect methods — without direct 
energy measurements. They were in fact determined by assuming the additivity of 
brightness as determined by heterochromatic photometry [7-9]. 


If the C.1.E. curves are compared with curves obtained by direct methods — by 
direct energy determination (Figs. 3 and 4), the following conclusion can be drawn: 
that we have no grounds for considering that the divergence of the C.I.E. curves and 
the “energy” curves in the middle and long wave part of the spectrum are greater 
than the errors inherent in the experiment. In the short wave part of the spectrum. 
however, the divergence of the C.L.E. curves and the “energy” curves is apparently 
greater than the possible experimental error (i.e. the error at present inherent in deter- 


mination of “energy” curves). 


Translated by C. R. PRINGLE 
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A STUDY OF THE EFFECT OF ULTRA-VIOLET RADIATION 
ON PLANT CELLS BY MEANS OF FLUOROCHROME 
STAINING * 


A. P. DuBROv 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 24 December 1957) 


THE mechanism of action of ultra-violet radiation on the living cell has been extensively 
and closely studied in recent times. The close relationship of the changes in the structural 
components of the cell and of cellular properties (cytoplasmic movement, plasmolysis, 
stain adsorption, etc.) have been studied in detail in a series of thorough investigations 
of the functional state of plant cells affected by ultra-violet light [l, 2]. However, 
the effect of this type of radiation on the electrical properties of cells has been ignored 
in such studies. In studying the changes occurring in the plant cell as a result of ultra- 
violet irradiation we have directed special attention to the position of the pH of the 
isoelectric point (i.p.) of the protoplasm. 


METHODS 


Fluorochrome staining has not been used previously to study the effect of ultra- 
violet radiation on plant cells although the potentiality of fluorescent dyes in the 
study of the effects of radiation on the cell has been amply demonstrated in the case 
of X- and «u-radiation [3-6]. The tissue used in our experiments was the isolated en- 
dosperm of the onion A/lium cepa (variety “Siberian annual”). A SVD-120A lamp 
was used as the radiation source, and an UV-2 ultra-violet dosemeter was used to 
determine the dose intensity [7]. Two methods were used to determine the pH of 
the i.p.: a fluorescent method involving use of an acridine orange solution at a con- 
centration of | :10,000 [8], and a colorimetric method [9] using acid fuchsin and methy- 
lene blue at a concentration of 1:3000. In both cases the working solutions were 
prepared in Mcllvaine’s phosphate-citrate buffer solutions. 

We have introduced certain modifications into the fluorescent method of determining 
the pH of the i.p. in comparison with that given by Strugger. Pieces of endosperm 
55 mm? were placed simultaneously in each flask along with solutions of fluoro- 
chrome buffered at different pH values, so that two or three pieces of endosperm 
from the same bit of onion were present in each of the twelve flasks (the number of 
degrees in the scale). After staining (20 min) the material was washed in a pure buffer 
solution of the respective pH and a drop of this solution was examined in the 


* Biofizika 4: No. 3, 345-349, 1959. 
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fluorescence microscope in blue light, using filters SS4-SS8, SZS-7 plus a tartrate 
filter in the ocular. 

The material under examination was placed directly into each of the buffered 
fluorochrome solutions of different pH (and not transferred from solution to solution 
[8]), and as a result determination of the i.p. of the cells was greatly accelerated. 


EXPERIMENTAL RESULTS 


The initial effects of ultra-violet radiation on the cell were demonstrated visually 
using the fluorochrome acridine orange. The characteristics of the fluorescence of 
irradiated cells (colour and intensity) were markedly different from those of the unirra- 
diated controls. It was found experimentally that the nucleus and in particular the 
nucleoli were the components of the cell most sensitive to radiation. When nucleoli 
were scarcely visible in the unirradiated nucleus, they were easily visible (especially 
by anoptral and phase-contrast microscopy) following treatment with low doses of 
ultra-violet radiation of the order of 1-5-2-5 x 106 erg/cm2. Investigation of the changes 
which occurred in the nucleoli after different ultra-violet doses was facilitated by 
fluorochrome staining. At doses which did not inactivate the nucleus (3-6 x 10° erg/cm2) 
the nucleoli fluoresced brightly, showing up light green against the general background 
of the nucleus (Fig. 1). At higher doses (5-6 x 106 erg/cm2) the nucleoli became orange 
in colour (Fig. 2). Changes in the nucleus itself occurred simultaneously with the 
changes observed in the nucleoli. In fluorochrome-stained unirradiated cells the nuclei 
were visible as faint green spots against the dark green (faintly fluorescent) background 
of the protoplasm at pH 5-6. In the case of irradiated cells (3-5 x 106 erg/cm2) the 
nuclei were a deep green colour. Nuclei in cells less resistant to ultra-violet rays 
fluoresced brightly when treated with the same dose of radiation, and showed up 
light green with the structural features of the karyotin framework sharply outlined; 
the green fluorescence of the cellular protoplasm was likewise enhanced (Fig. 1). 
At higher doses (11-12 x 106 erg/cm2) there was a marked change in the fluorescence 
of the three basic cellular components — protoplasm, nucleus and membrane. The 
cell nuclei which were inactivated by this dose had an orange fluorescence and were 
markedly reduced in size, the protoplasm had become reddish-brown, and the cell 
membrane, which before irradiation fluoresced light yellow, was now copper-red in 
colour. By filtering the light used for irradiation (filter BS-8 to cut out ultra-violet 
light, and filter KS-18 to cut out ultra-violet light and the visible part of the spectrum) 
it was shown that the effects described above were in fact caused by ultra-violet. 

The electrical characteristics of the cell colloids changed simultaneously with the 
visible differences in the fluorescence of cellular components in the cells treated with 
acridine orange. Comparison of the two methods of i.p. determination referred to 
at the beginning showed that the method of determining the pH of the i.p., which 
depended on the adsorption of acidic and basic dyes [9], gave the most precise results 
in the case of irradiated material. Certain difficulties inherent in the fluorescent method 
are discussed below. 

No marked shifts were observed in the position of the i.p. following treatment 
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Fic. |. Epidermal cells of the onion A. cepa irradiated with a dose of 2-0 « 10 erg/em. 
200» magnification. 


Fic. 2. Epidermal cells of the onion A. cepa irradiated with a dose of 5-6 x 10 erg/cm. 
200 » magnification. 
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of cells with doses of ultra-violet radiation in the range 2-5-5-6 x 10° erg/em2. Slight 
changes in the pH of the i.p. occurred, however, when this threshold dose was exceeded 
(5-6 106 erg/cm?). It was found that the shift in the pH of the i.p. did not occur 
instantaneously, but only following a fixed interval of time, and it usually reached 
its maximum | hr after irradiation. The alterations of the pH of the i.p. of the proto- 
plasm in relation to the dose of ultra-violet radiation employed are shown in Fig. 3 
and given quantitatively in Table |. From Table | it can be seen that these changes 
show a marked tendency to increase, the largest alteration in the pH of the i.p. being 
in the case where the cell received a dose of radiation with an energy content approxima- 
tely eight times that of the threshold dose. It should also be mentioned here that some 
plants were found among the experimental material, whose cells had an increased 
resistance to the action of ultra-violet rays. This was reflected ‘n the position of the 
i.p. which in this case was altered only by a slight amount. 

An interesting aspect of the adsorption and resultant fluorescence of fluorochrome 
in irradiated cells was revealed when the i.p. was studied by the acridine orange method. 
It is well known that the attainment of an isoelectric state in normal (unirradiated) 
cells is accompanied by a characteristic transition from green to red fluorescence 
(the latter corresponding to a recharging of the colloids of the protoplasm, and con- 
sequently to a shift from the i.p.). Similar fluorescent behaviour was not observed 
in our experiments on cells treated with doses above the threshold value (see Table 2). 
This made determination of the pH of the i.p. of irradiated cells difficult, and therefore 
Table 2 was compiled from the results of the determination of the colour curves of 
the pair of dyes mentioned previously (acid fuchsin and methylene blue). In our 1.p. 
determination experiments acridine orange was prepared both in an isotonic solution 
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Fic. 3. The alternation of the pH of the i.p. in relation to dose. 


The dilution of the fluorochrome 


of glucose and in a solution of calcium chloride. 
was also altered, but it was not possible to restore the characteristic cellular fluorescence 
normally found in unirradiated tissues. It is of interest to record that a similar pheno- 
menon was observed in studying the i.p. of cells fixed by various methods [10]. 
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DISCUSSION 

The following facts can be gleaned from analysis of these experimental results. 
First of al] it can be seen from the above results that irradiation produced severe altera- 
tions in the functional condition of cells. These were made especially conspicuous 
by fluorochrome treatment. The nucleoli of the nucleus are evidently the elements of 
the cell most sensitive to radiation. This was indicated by their red-orange fluorescence 
after treatment with doses above 5-0 10° erg/cm? (Fig. 2), marking their complete 
or partial inactivation. We suppose that these changes in nucleolar activity, graphically 
demonstrated by fluorochrome treatment, are responsible for a disruption of intra- 


TABLE |. THE ALTERATION OF THE PH OF THI TABLE 2. DETERMINATION OF THE I.P. 
.P. OF A. cepa CELLS IN RELATION TO DOSE or A. cepa CELLS USING ACRIDINE ORANGE 


Colour of the cell protoplasm 
p 


Unirradiated Irradiatad* 


Dose 

(in units of 10°) pH 

(erg/cm*) 

faint green green 
faint en 7 

11-34 4-2 nt greet green 

22-68 4-0 green green 

brown-green red 


34-02 3-7 
45-36 3-3 ‘ red brown-green 


* The ultra-videt dose was 5-6 malt 
(10° erg/cm2. 


5-67 46 


Control 4-6 


cellular metabolism and related synthesis of specific nucleotides, which by generai 
consent are of fundamental importance in the formation of cell proteins. When larger 
doses of radiation were used (11-0 106 erg/cm2), a severe reduction in the size of the 
nuclei was observed, confirming the results of other Soviet workers [11]. It is possible 
that dehydration of the karyoplasm precedes this phenomenon, which has been 
explained as due to the release of nucleoproteins from the nucleus [12]. An indication 
of this is the nucleus fluorescence which we observed in a dark field prior to karyolysis 

The electrical charge of cells irradiated with ultra-violet rays is altered. It can 
be seen from Table 1 and Fig. 3 that quite large doses are required to alter the charge 
of a cell, and the cell as a result is not in a normal functional condition. It should 
be emphasized at this point that, unless special measures (protective substances, 
reactivation, etc.) are taken immediately after irradiation to save the cells, the value 
of the critical lethal dose lies within the range 6-11 x 106 erg/cm2. 

The aberrant luminescence observed in the study of the i.p. of irradiated material 
can be explained variously. It is known that the fluorescence of cells becomes red 
on attaining the i.p. due to the increased electroadsorption of fluorochrome. The 
absence of red fluorescence in irradiated cells can be ascribed to severe disruption 
of the electroadsorption bonds between protein molecules and fluorochrome. Besides 
this it may be supposed that substances of a radiotoxin type, which prevent the forma- 
tion of complex protein-fluorochrome compounds, are formed in the cell as a result 
of irradiation. Shift of the pH of the i.p. in an acid direction at low doses of irradiation 
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may be connected with gradual uncoiling of protein molecules, while the more 
pronounced shift at high radiation doses is confirmation of the disruption of poly- 
peptide bonds, a known consequence of irradiation. 


SUMMARY 


(1) Ultra-violet radiation causes a marked alteration in the reactive and adsorptive 
properties of cell colloids. 

(2) The initial effects of ultra-violet radiation on plant cells can be studied by 
in vivo fluorochrome staining. 

(3) Exposure of cells to ultra-violet rays leads to a shift of the pH of the i.p. in 
and acid direction. 

(3) Determination of the i.p. in cells by a method employing acridine orange did 
not give clear-cut results in the case of irradiated material and a more thorough in- 
vestigation of the application of this method is still required. Pischinger’s based on 
the adsorption of basic and acid dyes by tissues, is more suitable for determining the 
i.p. of irradiated material. 

It is my welcome duty to express my gratitude to Candidate of Biological Sciences 
S. V. Tageeva, who supervised this work, for her constant interest and attention and 
to Prof. M. N. Meisel’ for valuable criticisms concerning fundamental aspects of the 
work reported. 


Translated hy C. R. PRINGLE 
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THE INHIBITING EFFECT OF SUBSTANCES 
FORMED IN IRRADIATED PLANTS ON THE CELL 
DIVISION GROWTH AND DEVELOPMENT 
OF UNIRRADIATED PLANTS* 


A. M. Kuzin, L. M. KriuKova, G. N. SAENKO and V. A. IAZYKOVA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 11 December 1958) 


AN increasing amount of information is accumulating in the literature which suggests 
that inhibition of mitosis and cell division in an irradiated organism (and associated 
effects on growth and development) are the result, not only of the direct action of 
radiation on the cell nucleus, but also of disruption of the normal metabolism of the 
whole organism and the appearance of substances which interfere with the normal 
division process. A number of reports [I-4 etc.] indicate that there is a direct rela- 
tionship between the nature of the metabolic changes which occur in the cytoplasm 
and the radiosensitivity of a tissue in terms of mitotic damage. 

Substances are formed in living tissue as a result of irradiation which markedly 
affect the mitotic activity of cells, as has been clearly demonstrated in the work of 
Shapiro [5]. Whether anomalous metabolites are present in irradiated plant tissues, 
affecting growth, cell division, and consequently mitotic activity, has not been clear 
up to the present. Available sources of information, mainly descriptive in character, 
either hint obliquely at the possibility of such substances [6-8], or report unsuccessful 
attempts to detect them [9-12]. The latter in a number of cases can be attributed to 
the inadequacy of the methods employed. In the present communication we shall 
present results which, in our opinion, provide evidence of the existence in irradiated 
plants of substances which affect the growth and development of the plants, and 
above all cell division. 

Vicia faba was employed in the first series of experiments. Dry seeds of Vicia faba 
were irradiated with a 100,000 r dose of ©°Co y-rays. The seeds were soaked following 
irradiation and the germ removed after 24 hr. The seed-germ was homogenized and 
extracted with water (100 ml of water to 25 g of seed-germ). The water soluble substances 
extracted from irradiated seed were used in subsequent experiments. 

An analogous extract from unirradiated seed was prepared at the same time as 
a control. In the actual experiments the germs were removed from Vicia faba seed 
after 24 hr soaking. The seed-germs were placed in the extracts of irradiated and 
unirradiated (control) tissue for a period of 24 hr. At the end of this period the seed- 
germs were washed and cultured on Knopp’s nutrient medium. 


* Biofizika 4: No. 3, 350-353, 1959. 
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The experiments were replicated many times and a large number of plants were 
examined. The number of germinated plants, the length of the shoots and roots of 
the plants and their weight were recorded on the ninth day of the experiment. These 
results are given in Table 1. 

It can be seen from these results that extracts of irradiated seed produced a statisti- 
cally significant inhibition of seedling development of 22-30 per cent, indicating thai 


TABLE |. EXPERIMENTS ON ISOLATED Vicia faba SEED-GERM 


sin | ° ~ 

The extract from 
unirradiated 

seed-germ 18 25 450 82:0+60 100 4:1+0°:35 100 3-2+0-15 100/0-27-+0°15 | 100 


The extract from 
irradiated 
seed-germ 
(100,000 r) 18 | 25 | 450 | 66°7+-66 81 3- 


N 


+-0-4 78 2:3+.0-2 72 70 


anomalous metabolites with toxic effects were present in irradiated seed. This difference 
was evident at later stages of development also as can be seen from Fig. 1, which 
illustrates one typical experiment at the 21-day stage of development. 


, 


3 


Fic. |. Vicia faba seedlings at 21 days of development. | — untreated rootlets: 
2 ~ rootlets exposed for 24 hr to an extract from unirradiated tissue; 3 —— rootlets 
exposed for 24 hr to an extract of irradiated tissue. 
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It was also observed that these extracts had an analogous effect on intact whole 
seed. One of many such experiments is illustrated in Fig. 2. 


Fic. 2. Whole haricot seed treated with extracts from irradiated and unirradiated 
Vicia faba tissue. On the left — untreated seed; in the centre — seed treated with 
extract from unirradiated tissue; on the right — seed treated with extract from 


irradiated tissue. 


These experiments were repeated with haricot plants, maize and wheat. In each 
case an inhibition of growth was observed after exposure to the extract of the irradiated 
seed-germ in comparison with the result of exposure to the extract of unirradiated 
tissue. Since aqueous extracts markedly inhibited plant growth and development, 
it was suggested that the substances formed during irradiation had a direct effect 
on processes connected with mitosis. In order to test this hypothesis a series of experi- 
ments were arranged in which rootlets of 5-day old shoots were given a dose of 10.000 r 
(190 kV, 15 mA, dose rate 166 r/min). 

Twenty-four hours after irradiation (during which time the plants had been kept 
in a moist chamber) the rootlets were isolated and soaked in water (10 ml water to 
| g dry weight of plant tissue) and placed in a water bath at 100° for 3 min. The rootlets 
were then shredded under water, extracted for 3 min at 90° and centrifuged. The 
extract, which was shown chromatographically to contain numerous products of 
nuclear decay, was either used directly or diluted 1 in 40. A similar extract obtained 
from unirradiated roots was used in control experiments. The effect on mitotic activity 
of these extracts was investigated using normal unirradiated rootlets of 2-day old 
rye shoots grown in distilled water. 

The rootlets were kept in these extracts for 24 hr. The ends of the rootlets were 
cut off 5 mm from the tip and fixed by Navaskin’s method. Serial sections (8 « thick) 
were then cut. Mitotic activity (the number of dividing cells) in the subepidermal 
layer was measured after the preparations had been stained in haematoxylin. Mitotic 
activity was scored ina portion of the root in which tissue differentiation had 
begun. Twenty-five to forty sections (corresponding to a total of 1000 cells on 


1 
| 
| A 
7 


Inhibiting effect of substances formed in irradiated plants on unirradiated plants 107 


an average) were examined in each experiment. The results obtained are given 
in Table 2.* 


TABLE 2. MIOTIC ACTIVITY OF CELLS OF PLANTS GROWN IN EXTRACT OF IRRADIATED ROOTLETS 


No. of No. of % 
No. of sub- No. of | mitoses Average no. | Inhibition 
Experimental conditions sections epidermal! mitoses as of of mitoses relative 
examined cells observed | the cells — per section to the 
examined | examined control 
Undiluted extract from unirra- 
diated rootlets (control) 40 1427 113 7-9 2-83 + 0-18 150 


Undiluted extract from irrad- 
iated rootlets (experimental) 30 1006 64 6:3 2-1 +: 0-2 75 


Extract from unirradiated root- 
lets, diluted | in 40 (control) 25 851 105 12+3 4:2 ~ 0-28 100 


Extract from irradiated rootlets, 
diluted 1 in 40 (experimental) 25 918 66 71 2°64 + 0-21 62 


It can be seen from these results that a significant inhibition of mitosis (by up to 
38 per cent) was observed as a result of treatment with substances extracted from 
irradiated roots. The undiluted extract of normal roots also had a slight inhibitory 
effect on rootlet mitotic activity. Relative to this, the inhibitory effect of the irradiated 
tissue extract was 25 per cent. Forty times dilution of the normal rootlet extract 
removed its inhibitory effect, and consequently the inhibitory effect of the radiation- 
induced substances was especially obvious in this case. 

These experiments indicate that anomalous radiation-induced metabolic products 
are to a large extent responsible for the inhibition of growth and cell division which 
occurs in irradiated plants. 


SUMMARY 


. Water soluble substances were extracted from the tissues of irradiated and unirra- 
diated plants. It has been shown that the substances extracted from irradiated plants 
inhibited the growth and development of seedlings by 22-30 per cent and mitotic 
activity by 38 per cent (measured in rootlet sections in regions of the subepidermal 
layer in which tissue differentiation had commenced). 


Translated by C. R. PRINGLE 


REFERENCES 


|. ERRERA, M., FICQ, A., JOGAN, R., SKREL, E., and VUNDERHAEGHE, F., Proc. Second 
Int. Conf. Peaceful Uses Atomic Energy, Geneva, 1958 
2. MULLER, J., Nature, Lond. 178: 43, 1956 


*It is our welcome duty to express our gratitude to Dr. L. P. Breslavets for his valuable advice 
and assistance in this part of the work. 


4 
co 
. 
oe 
an 


108 T. AKULINICHEY ef ai. 


. ALEKSANDROYV, S., Dokl. Akad. Nauk SSSR 113: 311, 1957* 

4. KUZIN, A. M., and SHABADASH, A. L., Proc. Second Int. Conf. Peaceful Uses Atomic Energy. 
Geneva, 1958 

5. SHAPIRO, L., Biofizika 3: 466, 1958* 

6. KING, G., Amer. J. Bot. 36: 265, 1949 

7. SKORODINSKAIA, V., and DUBOVAIA, T., Oftalmol. zh. 2: 79, 1950 

8. KAPLAN, R., Strahlentherapie 94: 106, 1954 

9. SMITH, G., and KERSTEN, H., Amer. J. Bot. 29: 785. 1942 

10. MURREY, R., Canad. J. Agric. Sci. 36: 120, 1956 

11. CHRISTENSEN, E., Science 119: 127, 1954 

PUSHKAREVA, M.., Biofizika 3: 444, 1958 


* There is a translation into English of this work. 


METHODS AND INSTRUMENTS 
ELECTRONIC SIMULATION OF CARDIAC 
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(Received 20 October 1958) 


AMONG the various methods for analysis of physiological problems a definite function 
is served by modelling of physiological phenomena whereby the correctness of certain 
theoretical postulates advanced to explain these phenomena can be ascertained. 
Appreciable assistance in the design of artificial models of physiological phenomena 
can be rendered to physiologists at the present time by electronics and modern computer 
techniques. In particular, models can be devised reproducing the electrical activity 
of the heart whereby different variants of the electrocardiogram are obtainable and 
the validity of certain theoretical notions on the mechanism of its origin may be 
verified. 

The first attempt at simulating the electrocardiogram was made by Van der Pol 
and Van der Mark [1] in 1928. They designed an electronic apparatus consisting of 
two relaxation generators (corresponding to one auricle and one ventricle) and a delay 
line imitating the propagation of excitation signals in the conducting system of the 
heart. The authors were able to reproduce only certain types of electrocardiogram 


with this apparatus. It is interesting to note that the device of Van der Pol and Van 
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der Mark enabled them to indicate the possibility of certain forms of arrhythmia at 
that time still unknown to clinicians. 

A special electronic model — the “simulator” of dynamic relations between heart 
and torso was devised in 1951 by Frank [2] to study the spread of electric signals in 
the human body. This apparatus, which reproduced the electrocardiogram in the 
natural scale of time, was constructed according to dipole theory. By means of this 
mechanism it was possible to verify how the configuration of the electrocardiogram 
was influenced by the geometrical dimensions of the human body and the spatial 
arrangement of the dipole, and also to study a number of other problems associated 
with the basic tenets of the Einthoven hypothesis and the theoretical conceptions 
of vectocardiography. 

The model described in this article differs in principle from the mechanisms 
mentioned above. It simulates a far wider range of phenomena and makes possible 
reproduction both of the various disturbances in the rhythm of cardiac contractions 
and the various changes in the configuration of the electrocardiogram. The principle 
on which we based our design is the theory according to which the electrocardiogram 
originates as a result of summation of monophasic curves. Our apparatus therefore 
makes possible verification of the accuracy of the basic postulates of this theory and 
its applicability in principle as an explanation of the electrocardiogram. 

The theory of the origin of the electrocardiogram in monophasic curves — the 
theory of the differential curve — was first advanced in 1908 by Samoilov [3]. The 
formation of the complex outline of the electrocardiogram was explained by him 
as being the result of the algebraic summation of two monophasic vibrations of opposite 
direction obtained by separately recording at the base and apex of the heart. On the 
basis of experimental evidence, Weber [4] later reached the conclusion that, by means 
of a combination of two monophasic curves, starting and ending at different times and 
of opposite direction, and led off from the right and left ventricles of the heart, it was 
possible to obtain diverse variants of normal and pathological electrocardiograms. 
The differences in the configuration of the electrocardiogram are due to a modification 
in the early rise and plateau of the two original curves. Production of the R and S$ 
waves is determined by the fact that in normal conditions the monophasic curve of 
the right ventricle with an upwards direction starts 0-02 sec before and ends later than 
the downward-directed monophasic curve of the left ventricle. The later the right 
ventricle is excited, the deeper the S wave: the later the excitation of the left ventricie, 
the higher the R wave. 

The displacement of the S7 intervals and the appearance of pathological waves 
are connected, according to this theory, with the retardation of the moments of cessation 
of excitation. 

In the light of these concepts it became understandable why in hypertrophy of 
the left ventricle, causing considerable delay in the spread of excitation in the enlarged 
mass of its myocardium, a high R wave and negative T wave appear in the first phase 
of the electrocardiogram and why a deep S wave and positive T wave are recorded 
in hypertrophy of the right ventricle. 
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The theory of the differential curve was also confirmed in a series of other in- 
vestigations. Thus, Schiitz [5] in 1936 showed that on local excitation of heart muscle 
the electrocardiogram for this region of the myocardium is in the form of a monophasic 
curve at the moment of transition of the absolute into the relative refractory period. 


In 1941, Blair, Wedd and Young [6] established that there is precise agreement 
between the duration of the QT interval and the monophasic curve. The early rise 
and plateau of the monophasic curve coincide with the absolute refractory period 
and the descending part of the curve with the relative refractory period. 


Evidence of the fact that changes in the differences of potential of the fibres of 
the heart in time is of the character of a monophasic curve has been obtained by a 
number of workers who used intracellular microelectrodes to record the action currents 
of the muscle fibres (Caraboeuf and Weidmann [7], Woodbury, Woodbury and Hecht 
{8], Draper and Weidmann [9)). 

Experimental confirmation of the theory was also obtained by Udel’nov [10, 11] 
who demonstrated that the electrogram of an individual muscular trabecula of the 
heart results from a combination of monophasic vibrations. 

But although the monophasic curve theory of the origin of the electrocardiogram 
enjoys fairly wide recognition, it meets with certain objections. For example, in the 
opinion of Wilson, Barker and MacLeod [12], Lepeshkin [13] and others the mono- 
phasic curve reflects the potential not of the intact but of the damaged part of the 
myocardium and naturally, therefore, cannot be taken as the original curve of the 
normal electrocardiogram. According to Rusinov and Borisova [14] and some other 
workers the original biocurrents of even individual parts of the heart muscle take the 
form not of a monophasic, but of a biphasic, curve. 

Despite these objections to the differential curve theory, we decided to use it as 
the basis for the construction of the electronic apparatus for simulating the electrical 
activity of the heart. prompted in this by the simplicity and comparative ease of the 
technical application of the principles of this theory. 

The elaboration of such an apparatus capable of reproducing the normal electro- 
cardiogram affords a real possibility of ascertaining just how far this theory is applicable 
in the explanation of the origin of pathological electrocardiograms. 


LAY OUT OF ELECTRONIC MODEL FOR REPRODUCING ELECTROCARDIOGRAMS 


Figure | presents the block diagram of the apparatus designed for modelling the 
electrical activity of the heart and known as the electrocardiogram synthesizor (SINEK). 

The interconnexion and sequence of operation of the component units of the 
apparatus bear a logical relationship to the sequence of passage of an excitation 
impulse along the conducting system and through the muscles of the auricles and 
ventricles of the heart. 

The apparatus incorporates the following functional units: 

/, 2— the pulse generators imitating the work of the nomotopic and heterotopic 
centres of the heart. The pulse frequency may vary from 0-5 to 5 c/s: 
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3 — the generator of ectopic pulses arising in various parts of the heart which may 
occur at random or follow the main pulses in definite order; 

4 —a special scaler which in joint work with units / and 3 fixes a definite sequence 
of “nomotopic’’ and “ectopic”? pulses. Thus, the arrangement allows blocking of the 
“nomotopic’’ pulses at ratios of 1:1, 2:1, 3:1 and 4:1. 

With such a sequence, the appearance of the “ectopic’’ pulses can be set after the 
main pulses; 

5, 6, 7, 8 — the units fixing the time of passage of the pulses along the model of 
the auricles ¢, 5, the model of the atrioventricular conducting system in the forward 
direction tpg 6 and in the reverse direction fg, 7 and the time tgp 8 equal to the duration 
of the ventricular complex; 

9, 1/0 —the units reproducing the variations in potential arising on passage of 
the impulse of excitation along the musculature of the right and left auricles in the 
form of two monophasic curves Y; and Y> (Fig. 2); 

/1, 12 — the units reproducing the variations in potential which arise on passage 
of the impulse of excitation along the myocardium of the right and left ventricles in 
the form of the monophasic curves Y; and Y, (Fig. 3): 


3 9 Unit of 
Scaler Generator of monophasic 
ectopic pulses curve of right 
auricle 
H 
of 5 10 Lait of 
t monophasic 
pulses | auricle 
ectron- 
7 | beam 
! indicator. 
ol | 6 of 
monophasic 
paises veatricie 
8 ? Unit of 
monaphasic 
toy 


curve of right 


ventricle 


Fic. 1. Body diagram of electronic model. 1. Generator of nomotopic pulses. 2. Generator of hetero- 
topic pulses. 3. Generator of ectopic pulses. 4. Scaler. 5. fp. 6. tpg. 7. tap. 8. tgz. 9. Unit of mono- 
phasic curve of right auricle. 10. Unit of monophasic curve of left auricle. 11. Unit of monophasic 
curve of left ventricle. 12. Unit of monophasic curve of right ventricle. 13. ¥’. 14. Electron-beam 
indicator. 


13 — the unit of summation of voltages Y; to Y4, by means of which it is possible 
to establish the coefficients on summation in relation to the position of the electrical 
axis of the heart and the standard lead chosen in line with the Einthoven theory. 
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Hence, unit /3 imitates the spread along the human body of currents arising as a result 
of the electrical activity of the heart. At the output of this unit a normal or pathological 
electrocardiogram is obtained which may be observed on the electronic-beam indicator 
/4 or recorded by a loop oscillograph. 


ad 


Fic. 2. Auricular monophasic curves. Fic. 3. Ventricular monophasic curves. 


In order to model the normal state of the conducting system of the heart or a given 
disturbance in the rhythm and conductivity, definite sequences may be effected in 
the operation of the functional units. Thus, for reproduction of the normal electrocardio- 
gram the pulses from the generator modelling the nomotopic focus / serve to start 
unit 5. The voltage at the output of unit 5 rises linearly with time. During time /, 
(fixed at unit 5) X; varies from 0 to 100 V. This voltage is fed to the inputs of the 
nonlinear units 9 and /0 which emit the monophasic curves of the right and left auricles 
(Y, and Y>): the P wave is obtained on the electrocardiogram by summation of these 
curves in unit /3. 

On expiry of time ¢, unit 5 delivers a starting pulse to unit 6 which fixes the time 
of passage of the impulse along the model of the atrioventricular conducting system: 
at the end of this time, a pulse actuating unit 8 is in turn emitted. The linearly-rising 
voltage X> at the output of unit 8 varies from 0 to 100 V during the time ‘97 which 
equals the duration of the ventricular complex. The voltage X> is fed to the input 
of units // and /2, in which the monophasic curves (Y; and Y4) for the right and left 
ventricles are collected; summation of these curves in unit /3 produces the ventricular 
complex of the ECG. If the main pulses arise in the generator of “heterotopic” pulses 2 
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the course of their passage, depicted in the block diagram of Fig. 1 by a dash-dotted 
line, will differ. The “heterotopic’’ pulses of the model at the same time actuate the 
two units 6 and 7. Depending on the correlations of the values of the time delay fixed 
in the units (tpg and fgp), units 5 and 8 are actuated. If top<tpg (corresponding to 
the impulse from the upper part of the atrioventricular node) unit 5 is started first 
followed by unit 6. The reverse passage of excitation through the auricles is imitated — 
a negative P wave is obtained and, moreover, it precedes the QRST complex. If 
‘gp >Vtpg (corresponding to the impulse from the lower part of the atrioventricular 
node) then unit 8 first starts to scan and then unit 5. The P wave of the electrocardio- 
gram is superimposed on the ventricular complex. 

The sequence of operation of the units modelling the passage of the ectopic impulse 
may be set either in the forward (dotted line) or the reverse direction (dash-two dots 
line in Fig. 1). 

In the output unit /3 the d.c. voltages (Y,-Y4) are summated with observance 
of the algebraic rule of signs and the ECG is produced for any of the three standard 
leads and for any angle a determining the position of the electrical axis of the heart. 


The magnitude and direction of the ECG waves and their relations in the standard 
recordings are determined in electrocardiography by the Einthoven theory of triangles. 
This theory is based on a conception of the distribution of electric currents in a homo- 
genous conducting medium surrounding the source of the e.m.f. The density of the 
currents at all points in the medium is determined by the conductivity of the medium 
and the potential differences. In the theory of Einthoven triangles, potentials and 


currents are considered in the frontal plane. The differences in potentials observed 
between the electrodes of the first, second and third standard leads are equal to 


= y *COS a 
Yj, = cos (a 60°) 


Yi. = cos (120 —a) 


where a is the angle between the direction of the vector of the e.m.f. and the horizontal 
(normally a line corresponding roughly to the direction of the major geometrical 
axis of the heart in the frontal plane). Y is determined by summation of Y,—Y4 for 
the second standard lead with a = 60°. 

By multiplying Y by the constant coefficients depending on angle a for lead I by 
cos a, for lead II by cos (a — 60°) and for lead III by cos (120°—a), we get the 
electrocardiograms for the three standard leads. 


In the electronic model described “relaxers’’ with a cathode coupling with 6N8S 
tube are employed as the generators of the “nomotopic’’ and “heterotopic’’ pulses. 
The parameters of their circuits are so selected that they operate by a system of self- 
excitation. The output rectangular pulses are led off from the cathode followers. 
The frequency of pulses is in the 0-5 c/s range and is fixed evenly by a potentiometer 
or discretely by means of voltage dividers which change the tube grid voltage. 
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The conversion apparatus is based on a ring arrangement of tubes with a cold 
cathode of the MTKh90 type capable of converting the “nomotopic’’ pulses by the 
coefficients 2, 3, 4 and 5. 

Units 3, 5, 6 and 7 are based on a time-delay tube with driving sweep mounted 
on a 6Zh4 tube. Actuation of the time-delay tube is made by delivery of a positive 
pulse to the suppressor grid after which a linear drop in voltage occurs at the anode 
(capacitor discharge). The width of the linear area is dependent on the time constant 
of discharge of the capacitor which is changed by the potentiometer. In unit 5 the 
second stage is a 6N8S tube inverter. The voltage at the anode of the inverter varies 
from 0 to -+-100 V (voltage ¥,). The output voltage of the units with time-delay tubes 
is led off from the cathode followers and fed to the comparison circuit which produces 
a pulse actuating the other units (in conformity with the block diagram in Fig. 1) 
at predetermined moments of time from the start of actuation of the time-delay tube. 

UPT-4A type d.c. standard operation amplifiers are incorporated in the scheme 
of units 8-/3. The amplifier is based on an arrangement with triode compensation 
with a 6P6S output valve. The coefficient of amplification without feedback is of the 
order of 40,000. The drift of the output voltage of the amplifier in relation to its input 
does not exceed 5 mV in 10 min. The frequency band corresponds to a range of 
0-150 c/s. The arrangement of unit 8, at the output of which voltage X2 is produced 
is based on an integrating amplifier, the time constant of integration varying from 
0:2 to 0-5 sec (determining the time fg7). 

Units 9 and /0 are nonlinear transducers, to the input of which is fed voltage X, 
and at the output of which are produced the voltages Y; =f; (Y), corresponding 
to the monophasic curve of the right auricle and Y, = f, (X;) corresponding to the 
monophasic curve of the left auricle. The circuits of the nonlinear transducers are 
based on the above mentioned operation amplifier with nonlinear conductivities in- 
corporated at its input. Reproduction of the fixed nonlinear functions is made by 
the method of additive linear approximation customary in electronic models on the 
basis of representation of the function in the form: 

b 


Y Y (0) b, X nities)» 


where 6, — O with X¥ — Xinitiai- 

The functions Y; and Y> are represented in the form of the algebraic sum of the 
finite number of linear segments each with one break. 

Units // and /2 are nonlinear transducers of the diode-triode type to the input 
of which voltage Y> is fed; they realize the relations Y; = f/; (X2), corresponding to 
the curve for the right ventricle, and Y4 = /4 (X2), corresponding to the monophasic 
curve for the left ventricle. Reproduction of the predetermined nonlinear relations 
is achieved by means of two degrees of approximation. The first is ensured by the 
arrangement of the compensation transducer; this divides the entire range of variation 
of the input value into six main intervals ¢; — tf. The width of these intervals may 
be regulated discretely within wide limits. At each interval the value of the function 
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with a steep frontal rise and sharp breaks at the terminal points of the intervals may 
be established. The second degree of approximation of functions is achieved within 
the main interval by means of nonlinear diode circuits. The diode circuit divides the 
main interval into three equal parts. The nonlinear transducers make possible rapid 


Fic. 4. General view of electronic model. 


change in the slope and shape of the initial rise of the monophasic curves, the level 
and shape of the plateau and the shape and slope of the descending curve. In addition, 
with their aid the variation between the origin of the initial rise of the upper and lower 
monophasic curves can be altered. 
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Summation of the voltages (¥;-Y4) is effected in the unit of summation of the 
monophasic curves /3. At the input of the amplifier four resistances are incorporated 
corresponding to the number of components, and 


Y=— WY, + 24+ 
AY; Yy = Ys Yin = Y- 


in order to obtain the coefficients k, —k,, of different signs in unit /3 there is 
an inverting amplifier. The output amplifier multiplies the value Y by the coefficients 
k, — ky. The value of the coefficients of the ORS and T segments of the electrocar- 
diogram may. vary if the direction of the main vectors R and T do not coincide. The 
coefficients are calculated for the angle a QRS varying from —45° to +120° through 
15° and for change of angle between the main vector T and the horizontal from 0 to 

-~180° through 30°. 

A general view of the apparatus is given in Fig. 4. In the manufactured experimental 
apparatus, the units denoted as /-8 are combined into one automatic and conductivity 
block. Units 9 and /0 are also combined in the auricular monophasic curves block. 
In addition to these blocks the apparatus includes a control and adjustment panel 
serving to check the work of the d.c. amplifiers, adjust their zero positions and collate 
the monophasic curves. * 

In tests with use of this apparatus it has been found possible to obtain electrocar- 
diograms identical in their configuration with those encountered in the so-called 
standard recordings in normal and different pathological forms and to reproduce 
a number of forms of arrhythmia and disturbances in excitation in the heart. 


Translated by A. Crozy 
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* For a more detailed description of the layout of the apparatus together with the relevant engine- 
ering calculations see the reports of the Research Institute for Computer Construction for 1957-58. 
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ELECTRIC CHARGE ON PARTICLES AND DROPLETS 
IN A BACTERIAL AEROSOL* 


V. V. VLODAVETS 


Central Postgraduate Medical Institute, Moscow 


(Received 4 June 1957) 


THE problem of electric charge on air-borne microflora has received scant attention 
despite its definite theoretical and practical significance. Thus, the character of the 
charge influences the retention of bacterial particles in the respiratory passages and 
in filters and also the course of the reaction with bactericidal aerosols. It is possible 
that the electric charge exerts some influence on the processes of sedimentation and 
clumping of the particles in bacterial aerosols. 

Vartanov [1] was the first to use an electric discharge to precipitate bacteria from 
the atmosphere. Later, Chizhevskii [2] precipitated the bacteria-carrying particles 
by ionizing air in an electric field. 

In the last 10-15 years a number of devices have been suggested for the bacteriolo- 
gical investigation of the air in which settling of bacteria by means of electric preci- 
pitation is combined with another method of collection [3-13]. 

In our work an investigation was made of the electric charge on the solid particle 
phase of the natural bacterial aerosols in the atmosphere of the laboratory building 
and of the droplet phase in an artificial aerosol containing Staphylococcus albus in 
a test chamber. 


DESCRIPTION OF APPARATUS 


We propose the following original design for determining the nature of the charge 
on the bacteria suspended in air. It consists of a wooden frame with plane-parallel 
electrodes and a step-up transformer with rectifier (Fig. 1); 127 V a.c. current is deli- 
vered to the step-up transformer where it is raised to 3000-3500 V and is then, by 
means of a kenotron with a 2-X-2 tube, converted into direct current. The high 
voltage is transmitted along the wire leads with improved insulation to the vertical 
electrodes. 

The plane-parallel electrodes are fixed in a vertical position on the rectangular 
wooden frame; the upper longitudinal strip of the frame is made from insulating 
material — textolite — and in it there are two longitudinal grooves for altering the 
distance between the electrodes. In the upper section of the electrode holders a screw 
thread is inserted for making a connexion with the wires and in the lower section 
a groove is cut in which the electrodes are placed — the detachable duralumin plates, 


* Biofizika 4: No. 3, 360-364, 1959. 
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measuring 1010 cm are tacked down. By means of BF-2 adhesive the two Petri 
dishes are affixed to the electrodes, meat-peptone agar being poured into the dishes 
after sterilization. 

During the operation the Petri dish covers are removed and placed back in position 
by means of special tongs, the claws of which are exactly the same size as the Petri 
dish covers. The tongs can move freely along the horizontal axis and under gravity 
they slip down, freeing the space between the electrodes. The vertical arrangement 


Fic. 1. Apparatus for study of the electric charge on the air-borne microflora, in 
operating position. 


of the electrodes and Petri dishes minimize the possibility of chance contamination 
by air-borne bacteria settling under gravity; opening and closing of the dishes with 
tongs helps to reduce the air currents around the dishes and, in addition, is convenient 
when the tests are to be performed in a test chamber. 

The principle of action of the apparatus lies in generation of an electric field between 
the electrodes. The particles, including bacterial cells, carrying an electric charge are 
drawn to the oppositely-charged electrode. As the voltage on the electrodes is low 
the bacteria cannot be supercharged as in the experiments of Chizhevskii [2]. 

The speed of the movement of the particles and droplets in a bacterial aerosol due 
to electrostatic forces is dependent on the voltage in the electric field, on the size of 
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the charge on the particles, and on their dimensions. The charged particles in the 
electric field move towards the electrode of opposite sign at the rate of 


Be 


where F is the voltage of the field in V/cm, e the charge on the particle or droplet, 
» the viscosity of the dispersion medium and r the radius of the particles. 

The distance between the electrodes during the experiments was 10 cm in all cases. 
The fine glass layer of the Petri dishes was not an obstacle to the formation of an electric 
field. With a voltage of 3000 V and the electrodes 10 cm apart, the field voltage 
somewhat exceeded 300 V/cm. 

Since the electrodes together with the affixed Petri dishes could easily be moved 
and rapidly replaced it was possible to carry out serial experiments. 


STUDY OF THE ELECTRIC CHARGE ON THE AIR-BORNE MICROFLORA 
IN THE PREMISES (SOLID PARTICLE PHASE OF BACTERIAL AEROSOL) 


The experiments to study the charge on the solid particles of the natural bacterial 
aerosol were performed in the rooms of the microbiology laboratory. A total of 96 
experiments were performed in which 96 dishes containing meat—peptone agar were 
exposed at the positive electrode and the same number at the negative one. In addition, 
in the control experiments 96 dishes were exposed in a vertical position without switch 
on of current and also the same number in parallel control experiments in which the 
dishes were placed in a horizontal position to collect samples which settled out of 
their own accord. 

All the experiments were broken down into four groups by seasons (24 per season): 
spring, summer, autumn and winter. In each experiment the results of four plates 
were taken: at the positive electrode, at the negative, the vertical controls and the 
horizontal controls; usually the four experiments were carried out on the same day. 

In order to minimize the influence of contamination of the dishes due to air currents, 
an equal number of experiments were carried out with the electrodes first in one posi- 
tion and then in the reverse position. Thus, in a series of four experiments, during 
the first two the left electrode was connected to the positive pole and the right to the 
negative. In the following two experiments the situation was reversed, i.e. the left 
electrode was negative, the right positive. 

Qualitative and quantitative estimations were made of the air-borne microflora. 
During the course of the experiments in the atmosphere of the room the following 
groups and species of micro-organism were found: yellow Sarcinae, Staph. 
albus, the R form of Staphylococci, molds, Actinomycetes, Gram-positive spore-bearing 
bacilli and Micrococcus scarlatina. Colonies of other species were also seen among 
which there were often cocci which grew on nutrient media in the form of small, 
transparent or semi-transparent colonies. Occasionally, pleomorphic bacilli were 
also seen in the small colonies. 
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The exposure time chosen for collecting the samples was 30 min. With such a length 
of exposure large variations were observed in the number of colonies. This, however, 
presented no difficulties in the count, which is of great importance since counting 
was not by transmitted but by incident light. 

After collecting the samples, the dishes were incubated at 36-37°C for 48 hr and 
then kept for a further 2 days in the light at room temperature. Thus, the count of 
the colonies and determination of their characteristics was made after 4 days which 
ensured full development of the colonies and good pigmentation. 

In turning to the results of the tests on the solid particle phase of the bacterial 
aerosol in the laboratory rooms it is necessary to consider the composite table of all 
96 experiments (Table 1). 


Total number 

, of colonies 
Yellow Sarcinae| 
Total of flora 


spore-bearing 
studied 


Gram-positive, 
bacilli 
scarlatina 


Staphylococci 
Micrococcus 


Actinomycetes 


Staph. albus 
R form of 


experiment 


| 


1099 532 35 117 17 {| 2152 
74-69 0 61- 0 ;43-30 0 37-69 0 66-0° 0 56:20 0 47-20), 86-99 0 
Negative electrode | 101 35 1438 881 18 91 19 
25:30 0 38-80 0 56°69 62-30 0 33-90 0 43-79/,, 52-79/, 84-69/,, 
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Positive electrode 


Vertical control ; . 3 143 106 4 10 2 281 
91-69), 


Horizontal contro] 3°: 2279 2334 5§ 566 49 5513 
78-20 


The difference in the numerical index of the colonies growing on the dishes at 
the positive and negative electrodes is of interest. Thus, of 96 determinations of the 
electric charge on the air-borne microflora, in 72 the number of colonies on the Petri 
dishes at the negative electrode was higher than at the positive electrode. The air- 
borne bacteria carried a positive charge in 55-2 per cent, a negative one in 44-8 per cent. 
If we take as 100 the number of colonies grown on the dishes at the positive electrode, 
then the number at the negative electrode was 123-3, i.e. in the air there is a greater 
number of micro-organisms carrying a positive charge. 

According to Vasil’ev [14] there are in the air at all times light aero-ions, of which 
the number with a positive charge approximates very closely to that with a negative 
one. The light aero-ions are adsorbed onto aerosol particles thereby conferring on 
them the corresponding charge. It is possible that the bacteria-carrying particles in 
the atmosphere of the room adsorb a greater number of positive aero-ions which may 
explain the predominance of positively charged micro-organisms in the air of the 
laboratory. Bacterial cells in neutral liquid medium carry a negative electric charge 
which is associated with the presence of the phosphate anion PO,. As distinct from 
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the charge on bacteria in liquid medium, positively-charged bacterial cells predominate 
in the air —for every five positively-charged bacterial cells there are four with a 
negative charge. 

As can be seen from Table | there was a preponderance of yellow Sarcinae and 
Staph. albus in the laboratory atmosphere which account for 72-6 per cent of the total 
number of developed colonies on the dishes at the negative and positive electrodes. 
The preponderance of the positive charge on the air-borne microflora depends on 
the charge on these organisms and, in particular, on Staph. albus. Thus, if we take 
the number of negatively-charged micro-organisms as 100, and the number of positively- 
charged bacteria is 123, then the ratio among the Sarcinae will be 138 in this case and 
among Staph. albus 165. 

Different relationships apply to other micro-organisms. The molds carry a negative 
charge nearly three times more often than a positive one. Actinomycetes, Gram- 
positive spore-bearing bacilli and in a small number of cases the R form of Staphylococci 
more often possess a negative charge. It is possible that the preponderance of the 
negative charge on the molds, Actinomycetes and Gram-positive spore-bearing bacilli 
is connected with their sporulating capacity, for spores have a special membrane which 
differs considerably in a number of properties from the membrane of bacterial cells. 
“As a result of spore formation, the bacterial cell undergoes profound physicochemical 
changes’ [15] which may naturally influence the electric charge on the air-borne 
bacteria. 

Hence, different electric charges predominate for various bacterial species in air 
medium. For example, in the experiment of 4 January 1954, 19 colonies grew at the 
positive electrode (including 2 colonies of molds), 26 at the negative electrode (no 
molds). 

On the 96 vertical controls (without voltage supply) 306 colonies developed which 
was only 11 per cent of the total number of colonies which settled on the corresponding 
number of dishes at the positive and negative electrodes. This indicates that about 
90 per cent of the bacteria settled on the dishes at the electrodes under the influence 
of electrostatic forces and not as a result of settling or transfer of the particles of the 
bacterial aerosol by horizontal air currents to the open Petri dishes. 


Due to simple settling during the same time lapse, a considerably larger number 
of bacteria were recovered than merely by electro-precipitation with a voltage of 
3000-3500 V with the electrodes 10 cm apart. It is probable that in the elaboration 
of effective devices for coliecting large numbers of micro-organisms by means of electro- 
precipitation alone it will be necessary to create an electric field of higher voltage. 

In considering the seasonal results it should be noted that of 24 tests, colonies 
developed at the negative electrode in 20 tests in spring, in 13 in summer, 18 in autumn 
and 21 in winter. In spring the number of colonies at the negative electrode was 26 per 
cent greater than at the positive electrode, in summer 5-7 per cent greater, in autumn 
28-5 per cent and in winter 48-4 per cent (the number of colonies at the positive electrode 
taken as 100 per cent). Hence, in summer there was an almost equal number of bacteria 
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carrying positive and negative charges, in spring and autumn an approximately 
intermediate index was given while in winter the number of positively-charged bacteria 
was almost 1:5 times greater than the number of bacteria carrying a negative charge. 


ELECTRIC CHARGE ON DROPLET PHASE OF BACTERIAL 
AEROSOL IN A TEST CHAMBER 


In the experiments in a test chamber of 250 | capacity, a bacterial aerosol was 
created by spraying 0-12 ml of a saline suspension of Staph. albus containing 2 x 10% 
organisms per millilitre. The saline had a neutral or slightly acidic reaction. The apparatus 
for determining the electric charge on the micro-organisms was placed within the 
chamber at the side opposite the sprayer. The Petri dish s were opened and closed 
by use of tongs. 

In the experiments with the droplet phase of the bacterial aerosol a dense growth 
of half-moon shaped colonies of Staphylococci was noted in the lower part of the Petri 
dishes due to settling of the bacteria-carrying droplets. In the count of the number 
of colonies of Staphylococci on the dishes the colonies located in this zone were ignored 
since they settled on the dishes independent of electro-precipitation. 

Extremely conflicting results were obtained when samples of the air were collected 
5 and 10 min after spraying a bacterial suspension of Staphylococci in the chamber 
(exposure time for dishes 5—10 min), due in all probability to the fact that at the moment 
of dispersion the bacteria-carrying droplets acquired tribo-electric charges. According 
to Tunitskii and co workers [16] the aerosol particles forming on dispersion 
acquire large tribo-electric charges. The individual particles and droplets may possess 
tens and hundreds of elementary charges. 

Several experiments were performed in which the samples were collected after 
longer lapses of time. Thus, in five experimental series, the air samples were collected 
| hr after spraying the bacterial suspension. Twenty tests were made with five controls, 
the Petri dishes being exposed for 10 min. In the controls the samples of air were also 
collected 1 hr after spraying if the Staphylococci but without voltage supply to the 
electrodes. 

The results are given below of a series of experiments carried out on | April 1954 
(Table 2). 


TABLE 2, ELECTRIC CHARGE ON DROPLETS CARRYING Staphylococcus albus 


No. of colonies of 

No. of ___ Staphylococci at — Moisture 
experiment Positive Negative content 
electrode 


Temperature 


electrode 


71 
97 
92 
4 83 50 50 21-5 
l 


Controls 
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As Table 2 shows, there were large discrepancies between the individual experiments, 
but there was always a preponderance of negatively-charged bacteria (growth at the 
positive electrode). As a result of twenty experiments with spraying of a bacterial 
suspension, it was established that Staph. albus far more frequently carries a negative 
charge in the droplet phase. Hence, when the samples of air were collected 1 hr after 
spraying, 62-4 per cent of the colonies of Staphylococci grew at the positive, 37-5 at 
the negative electrode. 

The clearer results obtained when the time lapse after spraying of the culture was 
1 hr suggest a certain stabilization of the charge on the bacterial cells in the droplet 
phase of the aerosol. It is quite possible that the negative charge which the bacterial 
cells themselves are known to possess in liquid medium before dispersion exerts a 
considerable influence on the electric charge on the Staphylococci in the droplet phase. 


SUMMARY 


(1) The microflora in the solid particle phase of the bacterial aerosol of the air 
of the laboratory often carry a positive electric charge (55:2 per cent of them). 

(2) The positive electric charge predominates in micro-organisms frequently 
encountered in the atmosphere of a room such as yellow Sarcinae and Staph. albus 
whereas molds, Actinomycetes and Gram-positive spore-bearing bacilli more often 
carry a negative charge. 

(3) In the study of the electric charge on the droplet phase of artificial bacterial 
aerosols of Staph. albus it was seen that, | hr after spraying, the bacterial cells often 
carried a negative charge (62-4 per cent of them). 

We express our deep gratitude to Prof. S. S. Rechmenskii for suggesting the theme 


for our study and for his valuable advice throughout its execution. 
Translated by A. Crozy 


REFERENCES 


. VARTANOY, V.1L, Russk. med, 3: 39, 1888. 

. CHIZHEVSKITI, A. L., Sovr. vrach. gaz. No. 18, 1388, 1934 

. SHAFIR, A.1., Gig. sanit. 6: 1, 1945 

. LIDWELL, O., J. Inst. Heat. Vent. Engrs. 19: 139, 195] 

. RECHMENSKII, S.S., K probleme vozdushnykh infektsii. (Problem of Air-borne Infections.) 

Moscow, 1951 

6. ROOKS, R., J. Allergy 19: 200, 1948 

7. MAISSONET, M., Rev. Hyg. Med. sociale 4: 228, 1956 

8. BERRY, C. M., Publ. Hith. Rep. No. 42, 2044, 1941 

9. USPENSKII, N. D., Trud. tsentr. nauchn-issled. dezinfekts. inst. 60: 1948 

10, LUCKUSH, M., TAYLOR, A.H., and HOLLADAY, L.L., J. Bact. 52: 55, 1946 

11. SYMON, K., and BINEK, B., Lekar. Listy 6: 51, 54, 1951 

12. VERSHIGORA, A.Ye., Tez. dokl. na konf. posanitarnoi bakteriologii. (Proceedings of the Conferen- 
ce on Public Health Bacteriology.) p. 25. Moscow, 1957 

13. KLIEWE, H., and WASILWEWSKI, E. V., Z. Hyg. InfektKr. 134: 1, 1952 

14. VASIL’EV, L. L., Teoriia i praktika lecheniia ionizirovannym vozdukhom. (Theory and Practice 
of Treatment with Ionized Air.) Leningrad, 1953 

15. DIUBO, R., Bakterial’naia kletka. (The Bacterial Cell.) Moscow, 1948 

16. TUNITSKII, N. N., TIKHOMIROYV, M. V., and PETRIAKOYV, I. V., Zh. tekh. fiz. 10: 20, 

1723, 1940 


16 
= 
| 
q 
| 
| 
4 
| 
| 
| 
| 
| 
| 
| 
| 
| 
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of the U.S.S.R., Moscow 


(Received 20 November 1958) 


THE incorporation of phospharus in the nucleic acids of tomours and normal tissue 
has been studied mainly by counting methods, standard counters being employed. 
Autoradiography has been little used for the study of these questions. Leblond, 
and co-workers [1] and Pele and Spear [2] studied phosphorus uptake in healthy 
animals. They found that phosphorus is picked up intensively by tissue of high mitotic 
activity: lymphatic tissue, ovarian follicle cells and the crypts of Lieberkiihn in the 
small intestine. It is also taken up quite intensively, according to their findings, by 
the liver, kidneys and bone marrow. 

We have traced only one paper dealing with autoradiographic study of the uptake 
of phosphorus by tumours, that of Steinberg and Selverstone [3], in which they studied 
the radiophosphorus content of human brain tumours. They discovered that the 
concentration of phosphorus in the tumour tissue was considerably higher than in 
normal! brain tissue. In a necrotic area in the centre of the brain autoradiographic 
blackening was considerably less than in the tumour tissue surrounding it. 


The aim of our research was to study by means of autoradiography the uptake 
of radioactive phosphorus by various organs of rats and mice and also by the tissues 
of some transplantable animal tumours. At the same time it was proposed to compare 
the uptake of this isotope by tumours and organs on the one hand and by the individual 
organs on the other. 


MATERIALS AND METHODS 


Ten rats and thirteen mice were used for the work. Two transplantable mouse 
tumours were used: the ascitic variant of the Ehrlich mouse carcinoma (on subcuta- 
neous transplantation) and a mouse mammary carcinoma (the RSM tumour, ¢ obtained 
and described by Pogosiants [Pogosianz]) and one transplantable rat tumour, spindle- 
cell sarcoma 45. Of the organs of these animals the liver, kidneys, spleen, small intestine, 
brain and muscle tissue were studied. 


* Biofizika 4: No. 3, 364-367, 1959. 
+ Rak serykh myshei — grey-mouse cancer. 
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Radioactive phosphorus was injected subcutaneously at a dose of 2 mc/g of body 
weight. With the radioactive dose at this level no histological deviations from the normal 
were found in the organs studied. 

The autoradiographs were prepared by the method proposed by Evans [4]. In 
this method the section is not removed during the photographic processing but remains 
on the photographic slide and after staining with haematoxylin can be studied at the 
same time as its autoradiograph. In this way the finished preparation is a combination 
of the section being studied and the autoradiograph lying beneath it. In this method 
there is a danger of the autoradiograph being distorted through chemical interaction 
between the section and the emulsion, particularly with a long exposure. Sometimes 
the developer and the fixing agent penetrate unevenly through the section onto the 
emulsion, and this also distorts the autoradiograph. With regard to the blackening 
of the photographic slide as a result of chemical interaction between the section and 
emulsion in our preparations, control autoradiographs of sections with no incorporated 
isotope showed that the reaction is insignificant in extent and has, in comparison 
with the radiation effect, no essential influence on the degree of autoradiographic 
blackening. We observed no artefacts during the photographic processing of the 
autoradiographs. 

Material was taken for autoradiography 24 and 72 hr after injection of the radio- 
phosphorus. The animals were killed with ether. To prevent the blood, which contained 
a certain quantity of the injected isotope, from confusing the autoradiographic picture 
we washed it out by perfusion of the animals’ organs with saline. To do this the vena 
cava inferior was cut immediately after killing and a cannula introduced into the aorta 
through the atrium sinistrum. The saline was passed into animal’s blood system through 
the cannula. After this, pieces of liver, kidney, small-intestine wall, spleen, muscle, 
brain and tumour were fixed in Carnoy’s fluid (2 hr), then passed through absolute 
alcohol (2 changes of 45 min each), an alcohol-chloroform mixture (30 min) and 
two changes of chloroform (40 min each), to be subsequently embedded in paraffin. 
Sections 5 « thick were prepared from the organ fragments in the experiments with 
radiophosphorus. The sections were smoothed out in distilled water heated to 40°C 
and after cooling in a darkroom with a green safe-light were transferred from the 
water on to photographic slides. So as not to damage the emulsion, the excess water 
was then removed carefully from the film by pipette or with filter paper and the slides 
dried and placed in light-tight tin boxes containing calcium chloride as a hygroscopic 
agent for removing the excess moisture. The boxes were then transferred into a refri- 
gerator and exposed with the phosphorus for 10 days. After exposure the slides were 
photographically processed and the autoradiographs obtained were studied under 
the microscope. 

As is known, in the animal organism phosphorus is very quickly incorporated 
in all the phosphorus-containing compounds, such as the phospholipids, nucleoproteins 
and phosphoproteins, and part of the phosphorus is in the form of the free inorganic 
substance. In its passage through histological fluids part of the injected phosphorus 
is lost. Thus Blank and his co-authors [5] found that if a tissue fragment is left for 
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2 hr in Carnoy’s fluid, it loses 40 per cent of its radiophosphorus. The fragments’ 
loss of radioactivity is at the expense of the inorganic free phosphorus and the 
phosphorus in the phospholipids which are soluble in the histological fluids. It may 
therefore be considered that it is mainly the phosphorus of the nucleoproteins, which 
are rich in that element, and to a lesser extent that of the phosphoproteins, which 
is responsible for the autoradiographic reaction on the slides. Thus the autoradio- 
graphs obtained by the method described can be used to some degree to estimate the 
incorporation of phosphorus in the nucleic acids and, if the autoradiographs are 
studied at various intervals, to judge phosphorus replacement in those acids. 


lo determine quantitatively the relative intensity of phosphorus uptake by the 
organs and tissues, the autoradiographs were photometered with an MF-2 micro- 
photometer. We used a 10 mm2 aperture and a total 30 X magnification of the auto- 
radiograph. This meant that the area of the preparation we measured was equal to 
0-3 mm?. 


It is very important that the conditions under which the autoradiographs are 
prepared, i.e. the thickness of the section, the sensitivity of the photographic slide, 
the exposure, and the development time of the autoradiographs which it is proposed 
to compare should be identical, since all these factors affect the degree of autoradio- 
graphic blackening. To make these conditions identical, the sections of organs and 
tumours to be compared were placed on one and the same slide. To achieve the 
utmost standardization of conditions in the same series of experiments, slides of the 
same serial number were used, identical exposure times were employed in the experiments 
to be compared, the ingredients and composition of the developer and the developing 
and fixing times were the same and the developed autoradiographs were washed 
under identical conditions. In view of the fact that in measuring the degree of auto- 
radiographic blackening variations in the thickness of the section are inevitable, we 
always used several autoradiographs of the same preparation (at least six) and averaged 
the data obtained. 


RESULTS 


As stated above, the sections of organs and tumours for comparison were placed 
on the same photographic slide. Thus on some slides were placed sections of rat 
organs and of the sarcoma 45 and on others sections of mouse organs, the Ehrlich 
mouse carcinoma and mouse mammary carcinoma (RSM tumour), but in view of 
the fact that the results obtained for rat and mouse organs were identical we shall 
describe them together. The figures obtained by photometry of the autographs are 
given Table 1. They represent mean figures for the extent of autoradiographic 
blackening under sections of various organs and tissues or in various portions of the 
same section. 

As will be seen from Table | the greatest autoradiographic blackening among 
the organs investigated was noted in the area of the crypts in the small intestine. There 
was always less blackening in the region of the villi. 
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Radiophosphorus was also found even in the intestinal contents. These findings 
show that radioactive phosphorus is taken up most intensively by the crypt cells and 
agree with the autoradiographic researches carried out earlier by Pelc and Spear [2]. 

Seventy-two hours after injection of the isotope, the pattern of radiophosphorus 
distribution in the small intestine, to judge from the autoradiographs, changes con- 
siderably : the autoradiographic blackening becomes much less intense and, furthermore, 
no difference is noted in the content of the isotope in the region of the crypts and 
the villi. 


TABLE 1. RESULTS OF PHOTOMETRY OF THE AUTORADIOGRAPHS OBTAINED IN EXPERIMENTS WITH 
RADIOACTIVE PHOSPHORUS 


Mean figures for autoradioautographic 
blackening after injection of the isotope 


Organ or tissue Losses 9/9 


After 24 hr After 72 nr 


Area of the villi 8-32 


Intestine 
Area of the crypts 18-37 82:3 


Follicles 9-33 62:8 
Spleen 3-47 

Pulp 4-57 22-0 
Kidney 3°47 2-88 16°8 
Liver 4:17 4:49 
Brain 1-38 1-58 
Muscles 1-95 1-58 19°5 
Sarccma 45 16°95 
Ehrlich mouse carcinoma 11-48 9-33 18:7 
Mammary carcinoma (RSM 


14-75 5-01 65:2 


tumour) 


Table | shows further that radiophosphorus is taken up intensively by the spleen 
follicles. The peripheral follicular area takes up the isotope less intensively and gives 
the appearance of a light rim round the basic part of the follicle. In addition, foci 
of medullary haemopoiesis in the splenic pulp, which also take up the phosphorus 
intensively, stand out as irregularly-shaped darker patches against the background 
of the pulp. 

On spleen autographs prepared 72 hr after injection of the isotope, the follicles 
ceased to be visible, the radiophosphorus was seen to be distributed evenly and the 
degree of radioautographic blackening was 2-2-5 times less than after 24 hr. 

Liver and kidney autoradiographs and photometric measurement of them showed 
that these organs take up phosphorus noticeably less intensively than the intestinal 
crypts or lienal follicles and at the same time quite evenly (with somewhat greater 
intensiveness in the walls of the large vessels). 

Brain autoradiographs showed that after 24 hr the phosphorus is still only being 
taken up at a low rate by the grey matter and is practically altogether absent from the 
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substantia alba, but that the nerve cells of the subcortical nuclei take it up more inten- 
sively than the cortical cells. Muscular tissue takes up radiophosphorus very little 
and the separate fibres are clearly visible on the autoradiograph. After 72 hr the radio- 
phosphorus content of the muscles is somewhat less and that of the brain and liver 
somewhat greater. 

The tumours under investigation, such as rat sarcoma 45, the Ehrlich carcinoma 
and the mammary tumour approach very close in radiophosphorus content to the 
level found in the intestinal crypts and splenic follicles, i.e. the zones of maximum 
isotope uptake by normal organs. 

After 72 hr the radiophosphorus content in the Ehrlich mouse carcinoma shows 
little change, while the mammary tumour loses a considerable part of its activity. 
rhe tumour autoradiographs, particularly that of the Ehrlich carcinoma show that 
the phosphorus is taken up only by the living tumour cells and that there is none con- 
tained in the areas of necrosis. 


SUMMARY 


(1) The autoradiographic method makes it possible to study the uptake of radio- 
active isotopes by various structures in normal organs as well as by tumours. 

(2) It was established that radiophosphorus is taken up intensively in the region 
of the intestinal crypts, by the lienal follicles and foci of medullary haemopoiesis in 
the spleen and by the living cellular elements of tumours. It is taken up less intensively 
by hepatic and renal tissue and still less by the substantia cinerea of the brain and 
by the muscles. 

(3) The isotope content 72 hr after injection is considerably reduced and it becomes 
evenly distributed in the various histological structures. 


Translated by K. Syers 
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METHODS FOR INVESTIGATING COLOUR 
VISION IN ANIMALS* 


A. R. SHAKHNOVICH 


Krasnoiarsk Institute of Medicine 


(Received 15 April 1958) 


UNTIL recently, colour vision in animals was usually studied by the methods of 
electrophysiology and conditioned reflexes. In the last few years, however, a number 
of works have appeared which show that the orientating relfex can also be successfully 
used for objective study of the sensory organs (Gershuni [1], Vinogradova and Sokolov 
[2}). This reflex occurs in response to the slightest vibration in the surrounding medium, 
causing the analyser to adjust appropriately in the direction of the new stimulus. 


Fic. 1. Instrument for changing the colour of a light stimulus. Explanation in text. 


In studying the visual component of the orientating reflex in man, we have estab- 
lished [3] that any variation in the colour and form of a light stimulus, the brightness 
of which remains constant, elicits a regular pupillary contraction reflex. The purpose 
of the present work was to discover whether this reaction could be used for the objective 


investigation of colour vision in animals. 


* Biofizika 4: No. 3, 367-371, 1959: paper read at a scientific conference held in the optical biophy- 
sics laboratory of the Institute of Biophysics, Academy of Sciences of the U.S.S.R., on 20 February 
1957. 
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EQUIPMENT AND METHOD 


Thirty cats were used as the experimental animals. A special illuminator was set 
immediately in front of the animal’s eyes, at a distance of 10 cm (Fig. | is a schematic 
diagram of this light source). A beam of light from a small bulb (6 V, 21 cd) is focused 
by a lens B on to the flat surface of a frosted glass plate M, in front of which is set 
a diaphragm 4 with a circular aperture O of 5 mm diameter. A special attachment 
C for changing the safelights is mounted between B and M. This device comprises 
red and blue safelights, which are tightly fixed to each other by ground edges. Transposi- 
tion of these safelights causes the colour of M to change, without any momentary 
black-out or illumination of the field or any variation in the projection of the light 
stimulus on the retina. Both safelights have approximately the same transparency. 
Their spectral characteristics are shown in Fig. 2. 


0 4 
400 500 600 700 600 ~ 


Fic. 2. Spectral characteristics of safelights. 


The pupils were examined under a weak diffused light (15 Ix at eye-level) provided 
by two horizontal strip reflectors. For five of the animals the pupullary reflexes were 
recorded by the cinematographic method described in our paper [4]. The animal 
was fastened on a special stand placed in front of the motion camera. 


RESULTS 


In all the animals studied a regular contraction reaction of the pupils, which was 
readily noticeable from ordinary visual observation, was found to occur at the moment 
when the colour of the light stimulus changed. More accurate data on the nature 
of this reaction were obtained by means of the cinematographic method used for five 
of the animals. Analysis of the curves showed that at the first presentation of the stimulus 
the latent period of the pupillary reactions was 0-2-0-3 sec, the reaction time varied 
from 0:5 to 0-8 sec. the amplitude from 0-8 to 1-6 mm and the speed from 1-1 to 
2:4 mm/sec. After the initial contraction, the pupils resumed their original size. On 
repeated presentations of the stimulus the pupillary reaction was extinguished (at 


the 3rd-6th stimulation). 
Figure 3 shows photographs of the pupillary reaction of a cat to the change of 
colour in the light stimulus. At the moment when the colour was changed (from red 
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Fic. 4. Dying out of orientating reflex of the pupils in a cat in response to change 
of colour of a light stimulus. 
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to blue), a signal lamp was switched on (in the lower right-hand corner of each frame). 
As can be seen from the illustration, the pupil then contracted. 

Figure 4 shows the curve of another animal’s pupillary reaction to change of colour 
in the light stimulus. As can be seen, the first colour change (from red to blue) causes 
contraction of the pupil. Changing the filters in the opposite direction (blue to red) 
also causes contraction. A third change of colour is again accompanied by pupillary 
contraction. At the fourth presentation of the stimulus there is no pupillary reaction. 

Accordingly, the pupillary reaction of a cat to change of colour in a light stimulus 
is extinguished according to the laws which have been established as governing the 


orientating refjex. 

It may be suggested that the pupillary reaction to the change of safelights is not 
connected with the change in the colour of the light stimulus, but depends on some 
other, secondary factors. It is known that there are difficulties in ensuring that two 
differently coloured safelights have equal luminosity; only a relative equality 
of brightness can be achieved (for a given photocell). It may therefore be suggested 
that the pupillary contraction which occurs when the colour of the light stimulus is 
changed is due to an increase in the brightness of this stimulus. If this were true, the 
pupillary contraction would have been observed only when the filters were changed 
in one direction (for example from red to blue), and the pupils should have dilated 
when the filters were changed in the opposite direction (blue to red). In our experiments 
not a single case of dilation of the pupils was observed when the safelights were changed. 

Any change in the colour of the light stimulus (from red to blue or from blue to 
red) as a rule caused contraction of the pupils. It might be assumed, however, that 
a rapid reduction of brightness in the light stimulus would cause a brief contraction 
of the pupils. We therefore performed control tests, in which a denser red filter was 
substituted for a less dense one, so that the brightness of the source of light was reduced 
without its colour being changed. It was established that the slightest diminution 
of the brightness of the monochromatic light source (from 5 to 10 per cent) caused 
the pupils to dilate: whereas no pupillary contraction at all was observed in these 


control tests. 

A reduction in the brightness of a monochromatic light stimulus, then, always 
causes the pupils to dilate; on the other hand, when safelights of different colours were 
interchanged, we observed only the contracting pupillary reaction. The uniform 
nature of these reactions (contraction in all cases) indicates that the decisive factor 
for their occurrence is in fact a change in the colour of the light stimulus, and not 


an increase in its brightness. 


DISCUSSION 


In the work under discussion we established that any change in the colour of a light 
stimulus causes contraction of the pupils in cats. Jt was demonstrated by control 
tests that this reaction does not depend on variations in the brightness of the light 
source or on any other secondary factors. 
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New ideas on the structure of the analysers may help towards a correct understan- 
ding of the mechanism of this reaction. A sufficient quantity of facts has now been 
accumulated to indicate that not only centripetal-afferent fibres, but also centrifugal- 
efferent fibres enter into the composition of each analyser. According to Kvasov’s 
findings [5], these centrifugal fibres innervate the “peculiar muscular apparatus” 
of the analyser. In the visual analyser this apparatus consists of the external and 
internal muscles of the eye; in the auditory analyser, it consists of the muscles of the 
concha auris and the internal ear muscles; in the olfactory analyser, the muscles of 
the nose, and so on. The activity of these muscles is expressed primarily in the orien- 
tating reflexes which direct and adjust the receptors to stimuli from the external 
environment. The cortical centres of these muscles are dispersed over the various 
analyser regions of the cortex. The centrifugal fibres which enter into the composition 
of the analyser thus ensure reflex regulation of the receptive process. 

Such a structure of the analyser makes it to some extent comparable to a cyclic 
system of automatic regulation. Using the terminology of cybernetics, we may say 
that the analyser functions like a feedback system. 

The existence of centrifugal fibres in the visual analyser has been known for a long 
time. According to Bekhterev’s findings [6], as well as those of Wang, and co-workers [7]. 
electrical stimulation of a certain cortical point of the occipital lobe in the nuclear 
zone of the visual analyser causes contraction of the pupils and movement of the eyes. 
Destruction of this part of the cortex leads to a descending degeneration of the fibres 
which terminate in the pretectal area. The centrifugal fibres which enter into the com- 
position of the visual analyser innervate the external and internal muscles of the eye. 
These muscles control the automatic regulation of such processes as the accurate 
adjustment of the eye to an object. the visual acuity, optimum conditions of retinal 
illumination, and so forth. 

Given such a structure of the visual analyser, the mechanism of the pupillary reaction 
to a change in the colour of a light stimulus can be explained as follows. With fixation 
by the eye of a light source of any colour (red, for example), the particular receptor 
of the retina which is sensitive to the given spectral composition of the illumination 
undergoes adaptation. A change in the colour of the light stimulus (from red to blue) 
causes this receptor to be cut out and another receptor, sensitive to blue rays, to be cut 
in. Meanwhile, as Hartline [8] and Granit [9] have established, there are three types 
of receptor in the retina. Some of these react, over the entire period during which 
the light is acting as a stimulus, with a falling discharge frequency, due to the adapta- 
tion; others respond only to the turning on and turning off of the light stimulus, while 
the third type responds only to its being turned off. 

We can now see that stimulating one receptor, which is sensitive to red rays, and 
ceasing to stimulate another one, which is sensitive to blue rays, must lead to a pulse 
effect in the optic nerve. Such pulses were recorded by Bongard and Smirnov [10] 
in the course of studying the colour vision of frogs. In their experiments, any change 
in the colour of the light stimulus led to the appearance of pulses in the animal’s optic 
nerve, and whatever the choice of illumination, it was impossible to eliminate these. 
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As we have already indicated, however, the visual analyser is a cyclic system made 
up not only of centripetal but also of centrifugal fibres. Therefore if a pulsed excitation 
occurs in any part of this system, it affects the system as a whole. Excitation pulses 
originating in the retinal receptors spread along the centripetal optic paths, and reach 
the subcortical and cortical pupillary centres via an intercalary neuronic system. They 
then travel along the centrifugal pupillary fibres until they reach the pupillary sphincter. 
Contraction of this muscle causes the pupil to contract. The shortening of the pupil’s 
diameter, however, causes the pupil to change size, and this divergence from the degree 
of illumination corresponding to the optimum in turn acts as a stimulus to further 
change of diameter, in the opposite direction. After the initial contraction, therefore, 
the pupils resume their original level. 

The biological meaning of this reaction is clear. The pupillary contraction reduces 
the range of light diffusion and thereby enhances the acuity in the retina: that is, it 
increases the distinguishing sensitivity of the eye. This creates the best conditions 
for ascertaining the nature of a new stimulus acting on the visual analyser. If the 
stimulus is repeatedly presented, the pupillary reaction dies out in accordance with 
the laws which have been found to govern an orientating reflex. The dying out of 
this reflex relieves the nervous system of the burden of stereotypic signals: that is of 
signals which do not convey any new information. 

The orientating reaction of the pupils to a change in the colour of a light stimulus 
has therefore important adaptational significance for the work of the visual analyser. 
Moreover, the study of this reaction yields a number of conclusions about so important 
a function of the eye as colour vision. 

Pavlov [11] pointed out the “great sensitivity” of the orientating reflex and the 
advisability of using it for objective study of the sensory organs: “this reflex can be 
used to find out how far the nervous system of one animal can be distinguished from 
that of another”’. 

In our investigations, the pupillary orientating reflex occurred in the cats in response 
to any change in the colour of a light stimulus. The facts indicate therefore that cats’ 
eyes possess a colour discriminatory function. 

It should be noted that the information on colour vision in cats which ts to be 
found in the literature is contradictory. Colvin and Burford [12], in studying the 
behaviour of these animals, reached the conclusion that they possessed colour vision. 
Chang [13] combined electrical stimulation of the geniculate body with illumination 
of the eye by monochromatic light, and recorded the potentials which arose in the 
visual region of the cortex as a result. He came to the conclusion that the visual system 
of cats contained receptors for different colours (red, blue and green). De Voss and 
Garson, on the other hand [14], as well as Meyer and his co-authors [15], using the 
conditioned reflex method, reached the conclusion that cats had no colour vision. 

Different authors, then, hold various views on the subject of colour vision in cats. 
Our own findings bear out the opinion that cats’ eyes do possess a colour discriminatory 
function. We suggest that the pupillary orientating reaction to a change in the colour 
of a light stimulus could be used to study colour vision in other animals as well as cats. 
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SUMMARY 


(1) In the work described, it was established that any change in the colour of a light 
stimulus causes contraction of the pupils in cats. 

(2) Control tests indicated that this reaction did not depend on variations in the 
brightness of the light stimulus or on any other secondary factors. 

(3) The reaction died out in response to repeated stimulation, thus proving to 
have the character of an orientating reflex. 

(4) The regularity of the pupillary reaction in cats to a change in the colour of 
a light stimulus indicates that these animals have colour vision. 

My sincere thanks are due to M. M. Bongard and M. S. Smirnov of the Institute 
of Biophysics, Academy of Sciences of the U.S.S.R., for their many valuable suggestions 
and for the choice of spectral characteristics for the safelights. 


Translated by K. Syers 
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THE ROTATION METHOD OF IRRADIATION 
IN RADIOBIOLOGY* 


P. F. Minaev, A. V. BIBERGAL’, K. N. EMEL’IANOV, B. G. ZHUKOV and A. A. SLEPOV 


Institute of Biological Physics Academy of Sciences of the U.S.S.R.. Moscow 
(Received 4 July 1958) 


THE central nervous system may be irradiated locally in a way described by one of 
the present authors [l-7] in order to determine what are the primary mechanisms 
whereby ionizing radiations act on nerve tissue. It is often desirable to minimize the 
It has been proposed to use a convergent 


damage to nearby tissues in such cases. 


Fic. |. Dose field produced by a 5 mm beam in the rotation method. 


field [8] for this purpose; the method is much used in X-ray and y-ray therapy. We 
have used this method and have applied it to irradiate the cerebellum in guinea pigs. 


METHODS 


The device we used was designed to go with the RUM-3 X-ray unit. The volume 
given at the maximum dose can be varied at will by adjusting the collimator. Animals 
of weights up to 2-3 kg can be used. 

Some preliminary tests were done with films stacked close together in black paper 
wrappings. The centre of the stack lay at the point where the two horizontal rotation 
axes met, and the centre of the beam passed through this point. The films were placed 
either parallel or perpendicular to the plane of the support, and to the rocking axis. 
The absorbed dose falls off rapidly as we leave the target area (Fig. 1). The beam was 
adjusted to the point where the axes met in the manner usual in rotation therapy. 

We used ten male guinea pigs of weights in the 350-500 g range. Each animal 
was set up on a special plate by a method described previously [5], and was then irradia- 
ted. The animal as a whole, and the head especially, were so firmly held that the head 
did not move by more than a millimetre even during a long irradiation. The animal 
was then transferred to the irradiation stage, which was in position under the fixed 
X-ray tube. The rocking lasted for 30 min, the rotation for 1 min. Figure 2 gives 
a general view of an animal set up on the stage. Doses of 6000-9000 r were given to 
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the cerebellum, which has a volume of about 700-1000 mm in a guinea pig. The 
X-ray beam was varied in diameter from 2 to 55 mm. 


Fic. 2. Device for rocking and rotating the animal under the beam. 


RESULTS 

In all cases the animals showed the typical signs of damage to the cerebellum, 
which signs increased in extent with the dose. The signs appeared as soon as the dose 
had been received; they appeared in exactly the same way, and were of exactly the 
same type, as when no rotation was used in the irradiation. We found, however, that 
the rotation method, applied to the lower part of the cerebellum, caused the disturbances 
to last less long. The stationary method gave disturbances that lasted for from 3 to 
6 months, whereas for the rotation method the times were only 1-3 months. The cause 
was, of course, that in the stationary method the cortex and other tissues were heavily 
irradiated, whereas in the rotation method the central cerebellum was the main region 
irradiated; the cortex was much less (or not at all) damaged. It may also be that the 
volume of cerebellum irradiated was less in the second method than in the first. 

We did one test in which the rotation was such that only a pyramid in the cere- 
bellum was irradiated by a beam 2 mm in diameter. This animal showed clearly the 
effect in which the eyeballs roll upwards, although the full set of signs did not occur. 
The effect has been described before, from experiments in which a pyramid was stimu- 
lated electrically (with the skull opened). 

Defects were also found in the gait co-ordination when the rotation lasted 3-6 hr. 
Control experiments, in which the animals were rotated but not irradiated, revealed 
no signs of cerebellar disturbance, neither immediately, nor later. 

Our data show that it is possible to irradiate organs without damaging surrounding 
tissues in radiobiological studies. Further technical developement will no doubt 
enable one to irradiate still smaller volumes. 
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LETTERS TO THE EDITORS 


THE STRUCTURE OF A GLYCYL-L-PROLINE POLYMER* 


M.1. MILLIONOVA and N.S. ANDREEVA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 2 January 1959) 


We have developed a model of the structure of a glycyl-/-proline polymer [1] in our 
work on collagen. A further analysis of the Van der Waals contacts, and of the bond 
lengths, has required us to revise the atomic co-ordinates of the peptide chain. We 
found that the best array for the hydrogen bonds was produced by including one water 
molecule per two structure units (four peptide groups). The atomic co-ordinates 


of a structure unit are 


Cy 416 0 0 
C; 362 1:04 093 Cy 094 4:43 360 


N; 2°32 1°34 0°91 Cs 0°03 5°28 4°42 
1-91 
; 0°47 
O, —-0°38 2°10 1°15 


N> 0-10 3°68 2°69 
1°29 3°95 2°90 


4°36 1°64 
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The second peptide chain is structurally equivalent to the first, and is related to 
the first by a twofold axis normal to the fibre axis, of group Sr [2]. 
The water molecule forms the following hydrogen bonds: 


Ni H... Op 2-824 
O}... HOp — 2-444 
... HOp— 2+76 A 
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A NEW METHOD OF CALCULATING DOSE RATES 
GIVEN BY FINITE SOURCES IN ABSORBING MEDIA; 


A. V. BIBERGAL’ 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 11 December 1958) 


RADIOISOTOPES are much used as y-ray sources, and so the dose rates given by sources 
of various shapes have to be established. Dose field calculations are needed in designing 
irradiation units and in solving screening problems. Rectangular flat sources are 
often used in radiobiological and industrial irradiators (e.g. for use with grain, silkworm 
cocoons, food products, etc.); here the dose rate has to be found by numerical integra- 
tion in each special case. There has so far been no general calculation for finite flat 
sources; solutions derived numerically for dose fields in air [1] have been given as 
nomograms plotted on log scales, which nomograms sometimes give large errors if 
used at intermediate points. There is thus some value in a general expression, of an 
accuracy adequate for practical purposes, in terms of source parameters, geometry 
and so on, especially if the functions are elementary or tabulated ones. 


It is sufficient to consider a rectangular region Oabc of sides L and S (in any ratio) 
in order to calculate the dose rate at any point p above an infinitely thin flat rectangular 
source of finite size (shown by broken lines in Fig. 1). 

Let the distance from p to the source be R, the activity per unit area be g, and the 
ratio of S to L be n, where n is any number equal to or greater than one. The elements 
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in the plane that lie at a fixed distance » from p contribute equal dose rates at p; these 
elements can be replaced by a point source d/ at the same distance o and of activity 
equal to the sum ds of the activities of the elements. Hence the dose given at p by 


the area Oabc can be given by a line source Od of length M whose activity distribution 
is given by a definite law (Fig. 2). In the region 0 <y <L the linear specific activity 
of rod M increases linearly: 

q = q(a/2)yy. (1) 


S§ the activity follows the law 


In the region L 
L 
(2) 


From y= S to y = (S2--12)'* the activity falls to zero: 


(3) 


Figure 2 shows the distribution along this fictitious linear source, as a function 


of n = S/L. The regions q> and q; can, to a high degree of accuracy, be taken as linear. 
We then have 


qi == q y == when 0 y 


and instead of g> and q, we have 
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A new method of calculating dose rates given by finite sources in absorbing media 


S+yS+L? 


L : 5 


(see the broken lines in Fig. 2). 

The maximum error in the dose rate resulting from this approximation never 
exceeds 5 per cent, so we use the activity distributions given by (1) and (4), and get 
the dose rate in air as 


nl, th 2 


FIG. 


We checked this formula by comparing the results it gives with those given by 
a nomogram [1), for several values of n. The values agreed within the accuracy of 
the nomogram at all values of R/S and L/S covered by the nomogram. 

A flat source in an absorbing medium gives a dose rate from the above fictitious 
line source 
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and multiple scattering is allowed for; here A,, A>, a; and a relate to dose build-up 
for that medium and radiation, and yo is the linear absorption coefficient for that 
medium and radiation [2]. Figure 3 shows how the dose rates in air and in an absorber 
(water) vary along the axis of a rectangular source 200 100 cm at R = 50 cm, for 
a surface activity g — | mg-eq. Ra/em?. The water reduces the dose rate and flattens 


the dose curve. 


R=50CM 


g=/ 


width 


This linear approximation to a fictitious line source gives general expressions for 
the dose rates from two- and three-dimensional sources. Expressions can easily be 
derived for source shapes for which no solutions as yet exist. 
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AFTER-EFFECT FOLLOWING THE PHOTODYNAMIC 
EFFECT * 


L. KH. Erpus and N. V. KONDAKOVA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 5 January 1959) 


THE existence of an after-effect following exposure to ionizing and ultra-violet radiation 
has been demonstrated on many very different objects. In several cases the effect 
of damage could be increased by the action of heat or other agents after the exposure. 
We showed earlier [1] that an after-effect was also observed following irradiation 
with visible light in the presence of a dye (photodynamic effect — p.d.e.). Myosin 
solutions containing methylene blue, which had been illuminated in anaerobic con- 
ditions and still retained their adenosinetriphosphatase activity, were partially 
inactivated after exposure by the simple introduction of oxygen into the solution. 
We found the same “oxygen” after-effect when myosin was irradiated with y rays [2] 
and it has also been observed on several other objects including live ones [3, 4]. 

In this note we describe a “thermal” after-effect which we found following the 
p.d.e. on myosin, and we analyse certain properties of this after-effect. 

Solutions of myosin in 0-5 M KCI with protein concentration 0-63 mg/ml and 
2 10-5 M methylene blue were illuminated with visible light in anaerobic conditions 
at a temperature of 2-3 (for description of experimental method, see [1]). In this 
case the myosin was partially inactivated (depending on the radiation dose given). 
These solutions were then incubated in darkness at various temperatures (from 5 to 
25) and this resulted in additional inactivation. The rate of this after-effect reaction 
depended on the temperature, and the degree of additional inactivation (relative to 
the activity left after irradiation) increased in proportion to the extent of the preceding 
damage under the beam. A similar incubation at these temperatures of control, non- 
illuminated, solutions of myosin did not produce any appreciable inactivation, and 
hence the cause of the after-effect was the prior illumination of the solution. From 
the temperature dependence of the reaction rate of the after-effect we determined its 
activation energy, JE (for more detail see [5)). 

As can be seen from Table 1, containing the results of all the experiments, this 
energy, despite the considerable scatter of the results of the separate experiments. 
certainly differs considerably from the value IE = 77 kcal/mole for intact myosin. 

The transition of macromolecules without loss of enzymatic activity into a thermo- 
sensitive state is the cause of the observed after-effect. 
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Extent of 
Damage under 
“thermal” 


beam in p.d.e. 
N after- 


expt :, (as % of activity 
illumination) 

2S 31 

2 25 30 
26 28 210 16°5 
4 Bh 32 24°8 18°7 
4] 27°4 

6 $2 37 

7 42 48 

7 

9 42 47 

10 42 4} 
4 4] 
12 47 11°9 
13 69 53 12°7 13°9 
14 50 199 
15 76 60 19°5 
Mean values 17°S 21°0 


The observed reaction rates of the after-effect following the p.d.e 
by several orders of magnitude from the rate of thermal inactivation of intact myosin, 
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Fic. J. Rate of thermal inactivation of myosin as a function of incubation temperature. Ordinate: 


Jogarithm of constant & of reaction rate (in arbitrary units). Abscissa: reciprocal of absolute temperature. 


| — thermal inactivation of intact myosin; 


2 — after-effect in myosin irradiated with ionizing rays: 


} — after-effect in myosin irradiated with visible light in presence of methylene blue (mean of all 
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are practically the same as in the after-effect due to ionizing radiation. The values 
of AE in the p.d.e. (see Table 1) were found to be greater than that found after y-irradia- 
tion (AE ~ 12 kcal/mole). A possible cause of this difference may be a subsequent 
effect, which distorts the true value of AE. In calculating the rate of inactivation in 
the p.d.e. we assumed that the extent of the after-effect, as in the case of y-irradiation, 
did not depend on the temperature. In fact, some increase was observed with tempera- 
ture. At the same time, we found that the dark effect of methylene blue on myosin 
previously irradiated with y-rays increased with temperature. We postulated that 
in damage by visible light there would be a similar effect, which would cause some 
change in the extent of the after-effect with temperature. An approximate evaluation 
of the correction necessary to take account of this effect was made. The introduction 
of this correction, which reduces the values given in Table | for AE for the p.d.e., 
makes them practically the same as the value of AE in the case of ionizing radiation. 

This gives a basis for suggesting that the thermosensitive, enzymatically active. 
states of myosin, which are produced under the action of visible light and ionizing 
radiations, are identical. 
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SCIENCE NEWS 


A DISCUSSION OF HILL’S ARTICLE ON BIOPHYSICS * 


G. K. GuRTOVO! 


IN October 1958, at the theoretical seminar of the Institute of Biophysics of the Academy 
of Sciences of the U.S.S.R., the lecture of A. L. Shabadash was followed by a discussion 
of A. V. Hill’s article “Why Biophysics’’.+ The speaker had observed that the views 
of one of the greatest physiologists and biophysicists of the present time (as far back 
as 30 years ago Lazarev had stressed the importance of his work in biophysics) were 
of interest in their constructive content and yet called forth a critical appraisal of 
Hill’s philosophical attitude. 
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Hill rightly points out that biophysics is a new discipline, just as biochemistry 
was 40-50 years ago. Like geophysics, astrophysics, physical chemistry, etc., it is 
a special branch of physics (in the wide sense of the term); and one in which the 
subjects of investigation are not general problems of physics, but problems of biology 
which can be solved by the employment of physical instruments and physical concepts. 
The term “biophysics”, despite its wide usage, has no exact definition as yet: in this 
compound term the stress must be placed on “bio’* — whence the basic role of this 
science is the investigation of the functions and structure of living matter, analysed 
from the standpoint of physics, on the basis of physical ideas and methods. The 
special feature of the biological viewpoint lies in the “idea of organization, design, 
functional significance, which has no real content in physics and chemistry, though 
it plays a part in their applied derivatives”. In characterizing the nature of biophysical 
investigations, Hill emphasizes that physical processes in a biological substrate are 
based on molecular change and hence may very indirectly be interpreted from the 
standpoint of “nuclear physics’*, which dominates physics at the present time. Besides 
this, the majority of transformations in living matter take place in an aqueous medium 
and hence can be more adequately expressed in terms of chemistry. Consequently 
the most important and, perhaps, even the predominant section of biophysics is 
physical chemistry; vital processes are, to an overwhelming extent, of a chemical or 
physicochemical nature, and are not purely physical: “biophysics — without physical 
chemistry as its essential component — cannot claim existence as a separate branch 
of science.” 

lhe co-operation of biologists and physicists during the Second World War assisted 
the spread of the notion that in biology there were many intriguing and exciting problems 
awaiting solution with the help of new and daring methods, in particular with the help 
of the contemporary experimental techniques of physics. Hill concludes that biophysics 
is the investigation of biological structures, function and organization (in the evolu- 
tionary aspect) by means of physical and physicochemical concepts and methods; 
the decisive factors are the choice of problem and an intellectual approach in which 
physical analysis and interpretation are most effective. 

Hill recognizes that specially trained personnel are necessary for work in the field 
of biophysics. Not without irony he stresses that biophysics is “not a second-rate 
branch of physics, a haven of refuge for indifferent physicists’’ but that no qualified 
physicist “directs his best students into the field of biophysics’’, though even professional 
physicists are now beginning to recognize that “this defection is not an irretrievable 
disaster to science.” 

There are no ready-made biophysicists; they must be trained in the process of 
creative work, and biologists must be fully familiar with and able to apply physics 
and physical apparatus, while physicists in turn must be imbued with an understanding 
of the special nature of biological material. “The true biophysical laboratory requires 
a working partnership of physicists and biologists with a reasonable admixture of 
engineers.” There must be organized contact between biophysical and biochemical 
investigations; bearing in mind the limitations inherent to specialized methods, the 


A 
: gir 
Pat 
| 


A discussion of Hill’s article on biophysics 147 


biophysicist and biochemist are obliged to teach one another and to work together 
in the solution of common problems of biology. 

Hill’s constructive ideas on the content. role and personnel of biophysics are 
accompanied by a section “Philosophy of Biophysics’’, which arouses grave objections. 

The essence of Hill’s philosophical outlook is the denial of the objectivity of scientific. 
cognition. He states that “any biologist who knows something about the nervous 
system recognizes that physical theories and concepts have no absolute validity apart 
from the human brain which conceived them.’ In other words, Hill believes that 
outside human consciousness there is no objective reality, the cognition of which is 
the content of the various sciences. “My physical friends’, writes Hill, “are often 
indignant at this idea, believing that their formulae have a certain measure of absolute 
reality. The history of science scarcely bears out so naive an assumption.’ According 
to Hill “thought predetermines the basis and form of any physical theory.”’ Of course, 
such philosophical ideas are deeply erroneous. Science reflects the laws of a world 
existing in actuality and independent of human consciousness. The brain and sense 
organs arose and developed in interaction with the surrounding world, and became 
historically (evolutionally) adapted to the conditions of existence. The properties 
of brain and thought are formed by the general laws of nature and hence can objectively 
reflect the world in scientific cognition. The criterion of practice confirms the truth 
of scientific objectivity and totally refutes the basis of philosophical idealism, which 
recognizes the primacy of consciousness. 

Summing up, the speaker believed that biophysics could make good use of several 
of the valid and constructive views of Hill, excluding the erroneous philosophical 
outlook, which was refuted by the practical work of Hill himself as a scientist. 

The real task of biophysics, in the speaker’s opinion, was the revelation of the nature 
of elementary vital processes and the reconstruction of living systems on the basis 
of physicochemical (i.e. complex, interpenetrating physical and chemical) investigations 
of living nature. Physical phenomena in a biological object are usually signs of processes 
taking place, and not the processes themselves, hence in interpreting such signs it is 
essential to discover, on the one hand, the specific significance of physical processes 
in the biological manifestations of organisms and, on the other, to use physical laws 
in living systems for purposeful interference in their reaction. 

The first participant in the discussion of the article was Ia. L. Shekhtman, who 
said that Hill had begun his definition of biophysics with a negative part, i.e. from 
a consideration of those elements which lay outside the confines of biophysics and 
were not characteristic of biophysics as a scientific discipline. Hill correctly stresses 
that the design of instruments and the application of physical methods in biology. 
i.e. the use of a balance, microscope, Geiger counter, pH meter, radioisotopes, etc., 
still does not make biology “biophysics”’. In fact, physical methods of investigation 
and physical “factors’’ find wide application in the most varied spheres of science 
and engineering. including biology also. And conversely, biological methods of 
investigation are sometimes a necessity in the technical sciences, such as, for instance, 
geology and geophysics, oil-prospecting, determination of the age of rocks, and so on. 
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In the second half of his article Hill turns to the positive part of his definition of 
biophysics. Here, however, the author does not give a sufficiently distinct characteriza- 
tion of the content of biophysics as a science. Hill states that biophysics is the study 
of biological functions, organization and structures by means of physical and physico- 
chemical ideas and methods. Physical methods have already been discussed above. 
and also by Hill himself. But what are physical ideas? Ideas in themselves do not 
exist, but are born of facts: ideas are the reflection of objective reality in our conscio- 
usness. 

What physical and physicochemical facts consitute the content of biophysics as 
a scientific discipline? These are obviously the physical and physicochemical processes 
and phenomena, which take place in the living organism. These processes and pheno- 
mena are regulated by the general physical laws of nature, though physical processes 
and phenomena in the living organism have their own specificity. The specificity 
in the living organism is determined by the fact that physical processes and phenomena 
in the living organism are closely interwoven with exceedingly complex chemical, 
hiochemical and physiological reactions. This interweaving derives from the presence 
of structures, from the myriad of interfaces and the activity of numerous catalysts 
(enzymes) and also to the remarkable capacity (not found in non-living nature) of 
living things for biosynthesis and metabolism, for autoregulation of vital processes, 
for extremely fine architectonic differentiation of organs and tissues and, finally, 
for self-reproduction of biological structures, functions and entire organisms. 

In just the same way as biochemistry is not simply the application of chemistry 
to biology. but a study of the specificity of chemical processes and phenomena taking 
place in living things, so biophysics is not merely the application of physics, of physical 
experimental and theoretical methods and ideas, to biology, but a study of the specific 
nature of the intricate complex of physical processes and phenomena taking place 
in the living organism in the course of its vital activity. 

By employing the existing classification of physical sciences, we can accordingly 
divide biophysics into a number of sections, namely: biological mechanics and hydro- 
dynamics. molecular biophysics (phenomena at interfaces in cells, diffusion, viscosity 
and structure of bio-molecules), thermodynamics of living matter, biological physical 
chemistry (phenomena in solutions and bio-colloids), biological optics and acoustics 
(biophysics of sense organs), biological electrical physics (study of physical nature 
of muscle and nerve excitation), radiation biophysics (study of primary mechanisms 
in the interaction of radiation with living matter) and so on. 

Hillis right when he states that the “bio”’ is of first importance in the term biophysics. 
Biophysics studies physical processes and phenomena in the /iving organism, i.e. the 
physical elements of the intricate complex of vital phenomena. Hence biophysics 
cannot be just physics, but is also biology par excellence, i.e. the solution of biophysica! 
problems demands as much biological erudition as physical erudition. Herein lies 
the main difficulty in the formulation of biophysical problems, in the selection and 
training of personnel, and herein, of course, is the reason for the slow development 
of biophysics as a scientific discipline. 
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N. D. Niuberg said that everyone appeared to agree that the employment of 
various means of physical investigation could not in itself consitute a basis for regarding 
the work as biophysical. The separation of biophysics as an independent discipline 
does not derive from matters of principle, but from practical considerations. As a rule, 
it is impossible for one man to master the whole sphere of biological, as well as of 
physical knowledge. Hence from biology we can pick out problems where the object 
of investigation is biological, but the formulation of the question and method primarily 
demands a good knowledge of physics in the investigator. This is what distinguishes 
biophysics from other biological specialties, and which also determines the special 
character of biophysical investigations: terminology, formulation of problems, relation 
to apparatus, etc. 

The argument over the “reducibility” or “irreducibility” of biology to physics 
and chemistry requires a formulation of what is meant by “reducibility”. It is one 
matter to give an exhaustive description from the viewpoint of physics of all the 
manifestations of vital activity in all their complexity. The description even of the 
physical phenomena may not be completely exhaustive. It is another matter to deny 
that it is possible to give a physical or physicochemical interpretation of any particular 
biological phenomenon. Such a denial is incompatible. in Niuberg’s opinion, with 
the materialist world outlook. 


A. M. Kuzin in his contribution observed that when an attempt is made to define 
a new developing science, to ascertain its basic aims and problems, to understand 
its position in relation to other sciences, these questions can never be solved speculatively. 
in the abstract: this always leads to erroneous conclusions. For a true answer it is 
essential to analyse the historical conditions of development of the sciences and the 
origin of the particular discipline, to recognize the needs of human society, which have 
given birth to the new science, and to trace how new achievements of other sciences 
and engineering have prepared the soil for its creation. 

Hill was correct in describing “biophysics” as a young, recently created, new 
discipline. At the same time, from the concept that biophysics must study physical 
phenomena proceeding in living matter, it is quite obscure wherein lies the newness 
of this discipline, and the statement that biophysics must introduce physical ideas 
into biology is too general and vague. 


It is clear to all of us that it is important and necessary to study physical phenomena 
in living organisms: bio-currents arising in tissues, the optical arrangement of the 
eye, the biomechanics of the skeleton, the hydrodynamics of circulating fluids, the 
thermodynamics of living systems, and so on. It is obvious to everyone that such 
research is possible only on the basis of a sum of known facts and ideas in the particular 
branch of physics. Yet if we accept that it is these problems which determine biophysics, 
then we cannot speak of any new, recently created discipline with newly formulated 
problems. In fact, the investigation of physical phenomena in living things and the 
use of physical ideas in biology began at the very earliest stages of development of 
modern science. Were not Galvani’s experiments, the researches of Helmholtz, 
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Vvedenskii [Wedensky], the works of Euler and many others, based on these ideas? 
Of course, the system of these applications may be termed biophysics. Perhaps it 
would be more correct here to speak of specialist biophysics. The same concept of 
biophysics was arrived at by Lazarev, who saw its origins in the works of Lomonosov 
and Euler. But this, of course, is not the science whose birth Hill assigns to the end 
of the Second World War, the birth, development and great promise of which are 
perceived by all, the creation of which became possible only as a result of new successes 
and achievements in the exact physicochemical sciences. 

What is this really new, recently born science with which we are dealing? We recall 
that the hierarchy and classification of sciences only reflects the external world and 
the actual relations existing in it. The evolution of matter proceeded from a simple 
state in the direction of the creation of more and more complex molecules, on the 
basis of which arose a qualitatively new form of matter — life. So also in the hierarchy 
of sciences we see a definite sequence: physics-chemistry — biology. Chemistry 
impinges directly on biology, and hence the borderland discipline — biochemistry - 
which had already arisen at the start of the present century, rapidly developed into 
an independent science and is at present contributing a very great deal to the understan- 
ding of life. Physics is connected with living matter through chemistry, and hence the 
investigation of only physical phenomena, the application of purely physical ideas 
to living matter, contributed much less to the «understanding of life, and that is why 
biophysics took so long to take shape and to grow into an independent discipline. 

What has happened during the last few decades? Formerly, workers in the field 
of biology were contented with the establishment of facts, their phenomenological 
description and the establishment of the relations between them. Gradually it became 
more and more clear that in order to solve the fundamental problems of biology — 
such as the laws of development and growth (including malignant growth), the nature 
of heredity, the relation between the organism and the environment, the stability 
and mobility of living matter, and many other matters — it was necessary to penetrate 
into the very heart and the nature of life, to acquire a clear idea of its physicochemical 
basis. It was essential to understand life, even in its simplest manifestations, on the 
basis not only of its macro-, micro- and submicroscopic structures, but also in its 
inseparable association with processes taking place at the molecular and atomic level. 
The stage of development of science until recently has not enabled us even to formulate 
such complex problems as the understanding of the physicochemical bases of life. 
Today the outstanding achievements of nuclear physics have given us a new, very 
promising method of investigating living matter —the labelled atom method. The 
remarkable successes of modern electronics are enabling us to fix and measure hitherto 
undetectably small quantities of energy and are permitting us to visualize phenomena 
taking place at the molecular level. The achievements of modern chemistry and bio- 
chemistry have led us into the sphere of high-molecular substances, primarily such 
substances as proteins, nucleic acids and specific polysaccharides. The great progress 
in modern engineering has equipped us with new precision instruments allowing the 
quantitative measurement of different parameters in instantaneous, as well as slow, 
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processes taking place in the structures of the living organism. This has created the 
prerequisite conditions which have given rise to the bold and fascinating idea of using 
all the modern achievements of physics and chemistry to try to penetrate into the 
physicochemical bases of life, to reveal the very nature of life, to trace out the secret 
of transition from non-living to living, to put into man’s hands a lever enabling him 
to control vital processes. 

Which of the existing sciences could have conceived this audacious idea of penetra- 
ting into the very heart of life? Physics? Of course not, since by its study of nature 
without regard to complex chemical transformations, it is too remote from the under- 
standing of life. Chemistry or biochemistry? These disciplines are closer to life, but 
a knowledge of all the complex pathways of metabolism, on which life is based, is 
still insufficient for an understanding of the more complex vital phenomena taking 
place in definite structures with all their inherent physical characteristics. 

The formulation of a new problem, the necessity for a thorough combining of 
the knowledge of physics, chemistry and biology for its solution, the possibility of 
solving it only by calling in all the modern methods of investigation, have given rise 
to a new science. Physicochemical biology is another name for this science (synonym 
of biophysics in its wide sense). 

In biophysics, then, the knowledge, ideas and methods of modern biology, physics 
and chemistry in their unity seek to solve the problem of the physicochemical bases 
of vital phenomena. 

P. F. Minayev stated that although the definition of biophysics given by Hill 
suffered from some abstractness, Hill nevertheless was correct in emphasizing the 
idea that primacy should be given not to physics, but to biology, i.e. it is not the 
mechanical application of physical laws to the study of living material, but, on the 
contrary, the understanding of the laws of living nature by means of the newest achie- 
vements of physics and physical chemistry. 

Hill’s idea that biophysics should constantly have the biological aspect in mind 
in investigations is really a continuation of the ideas of Vvedenskii, Helmholtz, Dubois- 
Reymond, Claude Bernard and, of course, Hill himself, all of whom applied the 
achievements of physics to the understanding and revelation of the laws of the organic 
world. It is sufficient to point to one such example in the history of science. 

By means of fairly simple physical methods Vvedenskii was able to reveal the 
intimate nature of muscular and nervous activity, and to show the material reality 
underlying the functional changes in the highly specialized tissues of the animal organism. 

K. S. Trincher expressed his ideas on certain problems of biophysics. In his opinion, 
biophysics is a life science which as a basic principle does not employ the usual concepts 
from the sphere of biology in describing its object of investigation. In the study of 
biological material by methods o experimental and theoretical physics in the wide 
sense, including physical chemistry, biochemistry, cybernetics and other disciplines, 
biophysics has a tendency to divest the object under investigation of all the attributes 
which characterize it as an object of living nature. 
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Ihe basic property of living matter is metabolism. This property lends itself to 
study by the methods of bioenergetics — a fundamental branch of biophysics, which 
studies living organisms as entire physical systems in their thermodynamical and 
kinetic aspects. 

Thermodynamic fluxes — mainly the rates of chemical reactions — generally 
proceed very slowly in the organism, because of the low temperature, and owe their 
accomplishment solely to the catalytic properties of the living system. Of all the 
catalysts which have arisen in the process of evolution of the earth, and which assist 
the transformation into heat of the chemical energy accumulated on the earth, the 
stable ones have proved to be those which under particular conditions of the external 
medium were not only not used up during the chemical reactions, but used the liberated 
chemical energy for processes of self-renewal and reproduction. 

The most important task of bioenergetics and biophysics in general is to study at 
the molecular level the structural basis and dynamical pattern of the transformation 
of chemical energy into energy for the functions of the organism, to establish the 
relation between metabolism and the mechanical work of muscle, the electrical work 
of nervous tissue, the osmotic work of active transport in the cell, the chemical work 
of biological synthesis and other functions of the organism. 

G. K. Gurtovoi, who spoke at the end of the discussion, noted that the exchange 
of views had shown a fairly broad generality of outlook on the aims and role of bio- 
physics. It was possible now to give biophysics a definition which would be accepted 
by the majority. As the basis for a short definition we might choose a formula something 
like this: “The subject of biophysics is the physical and physicochemical processes 
underlying vital processes”’. 

We must give special consideration to the adoption of such a short (or perhaps 
a little fuller) definition of the essence of biophysics and also — and this is the main 
point — agre2 about the actual content of the definition, primarily with respect to 
the basic problems and role of biophysics for a period limited by the foreseeable future. 

The definition of biophysics and its interpretation may from time to time be made 
more precise and may even be reconsidered in the light of the nature of the actual 
progress of biophysical investigations. 

Disagreement was then expressed with some of Hill’s philosophical beliefs. We 
are interested in the ultimate aim of biophysics; and this is natural, since biophysics, 
being in the very front-line of the attack on the secrets of life itself, is an ideological 
discipline. Hill asserts that life will not be explained by the concepts of modern physics 
and chemistry. Due to the brevity of Hill’s exposition of this idea it is difficult to deter- 
mine its real significance. However. if we recall that the prospect of explaining life 
in terms of physics and chemistry was described by Hill as “dreadful’’, then it would 
seem that by “explanation’’ he means the demonstration of those physical or physico- 
chemical processes giving rise to particular vital phenomena. But how then can we 
understand Hill's own definition of biophysics: the investigation of the functions. 
organization and structure of living things by means of physical nad physicochemical 
ideas and methods? How can there be “study” without “explanation’’?' 
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Perhaps Hill wished to state that the special features of vital activity could not 
be fully explained in physical and physicochemical terms? If this is so, then we may 
agree with Hill. 

The truth would appear to be that life and vital phenomena may be explained 
(where by “explanation’’ we mean, as stated above, the demonstration of physical 
and physicochemical processes giving rise to a particular vital phenomenon) by physical 
and physicochemical processes. At the same time, in studying and describing the 
nature and special features of life and vital phenomena we cannot confine ourselves 
to physical and chemical concepts; here we must call in the concepts and principles 
of other sciences — primarily the biological sciences. 

What gives rise to the greatest objection is Hill’s belief that physical theories and 
ideas have no absolute validity apart from the brain; that they can only be used 
because their content corresponds to the properties of human thought. This opinion 
does not appear to be an accidental lapse, since Hill later writes of his disputes on this 
theme with physicists who held the opposite view. 

We believe that modern science has adequate data for a different solution to the 
question of physical theories and ideas. Truly scientific physical theories, no matter 
what abstract form they have, correctly represent things and events. Their truth is 
verified by experiment. Such theories and ideas are objective in origin, source and 
content. What they contain is independent of the b.ain or consciousness which created 
them, or of man in general. In this sense they have absolute validity, they are objective. 
They can be used not because their content corresponds to the properties of the human 
brain, as Hill believes, but because their content truly reflects the external world. 
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(Received 17 November 1958) 


SINCE the development of the theory of the voltaic cell, ionic processes have been 
considered as the most likely source of an explanation of bio-electrical phenomena. 
In this connexion the ionic composition of both the protoplasm of excitable cells and 
the surrounding intercellular liquid were subjected to early analysis. Even at the end 
of the last century it was known that the concentration of potassium is higher in the 
protoplasm of both animal and vegetable cells than in the external solution and the 
concentration of sodium and chloride ions is lower. Later a number of authors made 
detailed quantitative studies of the ionic concentrations in the nerve fibres of verte- 
brates [1, 2], and invertebrates [3-9], and in muscles [10, 11]. 

The general conclusion can be drawn from these studies that the concentration 
of potassium ions in the protoplasm of excitable fibres is 40 to 50 times greater, and 
the concentration of sodium ions 5 to 10 times less, than the corresponding concen- 
trations in the external solution surrounding the cells. The concentration of chloride 
ions is significantly greater in the external solution. Thus, the ionic imbalance between 
the cell and the external medium is a fact which has been definitely established and 
is generally accepted by all research workers. 

At the same time there are at present entirely different views on the nature or mecha- 
nism of this ionic imbalance, and this in turn has given rise to different views on the 
nature of resting potentials. Because of the fundamental importance of these questions, 
we shall examine the main points of view on the mechanism by which the ionic imbalance 
and the resting potential arise. 


(a) The Membrane Theory 


The main principles of the membrane theory are due to Bernstein [12, 13], whose 
hypothesis rests on the following assumptions. The surface layer of protoplasm con- 
sists of a special structure permeable only to potassium ions and the remaining proto- 
plasm forms a colloidal solution in which electrolytes, including potassium ions, occur 
in the free state. The concentration of potassium in the protoplasm is much higher 
than in the external solution, and consequently a concentration gradient of potassium 
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ions is produced across the membrane. The gradient determines the membrane poten- 
tial according to the equation 

F 

where E,, is the potential difference between the external and internal surfaces of the 
membrane, R is the gas constant, 7 the absolute temperature, F the Faraday constant, 
and [K ], and [K™], the corresponding internal and external concentrations of po- 
tassium. This equation is a limiting case of the Nernst diffusion equation in which 
the anion mobility is zero. 

Later, in the thirties, a number of authors [2, 14] showed that excitable tissues were 
easily permeable to chloride ions. Boyle and Conway [11] proposed the hypothesis 
that the membrane potential is not a diffusion potential with potassium ions as the 
only active ions, but a Donnan potential with chloride as well as potassium ions 
participating, i.e. 

RT [K*], 


n 
where the symbols are the same as in equation (1). The hypothesis of Boyle and Conway 
retained the main idea of Bernstein concerning the function of the ionic gradient across 
the membrane in setting up the resting potential, but it presented a different view on 
the mechanism by which the potential is maintained. 

At about the same time a number of investigators [15-17] using radioactive sodium 
ions showed that these ions can pass through the membrane of excitable tissues. These 
facts were not in accord with the hypothesis of Bernstein or that of Boyle and Conway, 
or indeed with the whole general membrane concept, which explains the imbalance 
in the distribution of sodium ions between the cell and the medium by the imper- 
meability of the membrane to these ions. However, these facts were a turning-point 
in the development of the theory of the cell membrane. Up to this time the membrane 
was considered to be a passive structure, and theories aimed only at explaining the 
degrees of permeability of particular substances due to diffusion by relating this process 
either to the degree of solubility of the particular substance in the membrane phase, 
such as the lipid theory of Overton [18], or with the size of the molecules, such as the 
ultrafilter theory of Ruhland [19], or finally to both of these, such as the mosaic theory 
of Nathanson [20]. After these facts had been established a radical change had to 
be made in the concept of the cell membrane as a passive diffusion barrier. Dean [21] 
proposed the idea that between the cell and the external medium there exists a constant 
concentration gradient of sodium ions, the sodium that enters the cell along this gradient 
being expelled by a special mechanism dependent on metabolic processes (idea of the 
sodium pump). Later this view was confirmed experimentally and views became 
current in physiology that there are two types of ionic distribution between the cell 
and the external medium, a passive distribution determined by diffusion and electrical 
forces and active distribution determined by active secretory processes. 
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Using this idea, Hodgkin [22] pointed out that if the work done by the sodium 
pump in expelling sodium is equivalent to that required for the entry of sodium ions 
into the cell along the gradient, then the passive distribution of potassium and chloride 
ions should be exactly that deduced from the hypothesis that the membrane is absolutely 
impermeable to sodium ions. Thus the main features of the Boyle-Conway hypothesis 
would still be valid. 

In the 1950’s, thanks to the development of procedures for investigating single 
excitable fibres and of the micro-electrode technique for recording action and resting 
potentials, absolute values of the resting potential were obtained for nerve and muscle 
fibres; these varied from 60 to 90 mV [23-32]. Later work [33-35] gave resting poten- 
tials of about the same magnitude. 

A knowledge of the absolute values of the resting potential or the membrane po- 
tential, and also of the concentration gradients of potassium ions between the cell and 
the medium, made it possible to verify quantitatively whether the membrane potential 
is the result of a potassium potential. It was shown that the membrane potentials 
obtained by theoretical calculation from the Nernst formula (equation (1)) were some- 
what higher than the experimental values, amounting to 85 to 105 mV. Differences 
of this kind were explained in a number of papers [7, 9] in which it was shown that 
most isolated tissues in the state of survival take up sodium and lose potassium: that 
is, they are not in a state of ionic equilibrium. In such cases the membrane potential 
is a function of the relative permeabilities and concentration gradients of all the ions 
capable of crossing the membrane. For the quantitative characterization of this kind 
of situation, a suitable equation was derived [25] with the use of the constant field 
theory [36]. If only potassium, sodium and chloride ions, which make the main con- 
tribution to the ionic flow through the membrane, are taken into account the equation 
takes the form 


m n 
F pe [K* + PyalNa le Pa 


where py, Py, and pe, are the corresponding permeability constants. Thus, on the 
basis of equation (2) E, = 91 mV for the squid axon, but the membrane potential 
calculated from equation (3) (assuming py : | : 0-04: 0.45) is 59:5 mV. 
This is very close to the experimental value for the resting potential — 61 mV [25]. 
It can be seen that when py, =0 and py, =p), equation (3) is transformed into equa- 
tion (2), which assumes equilibrium in the ionic balance for tissue under natural con- 
ditions. Thus, at the beginning of this decade, the view was put forward [22, 37-42] 
that the resting potential or membrane potential in a state of ionic equilibrium is 
determined mainly by a Donnan equilibrium between the potassium and chloride 
ions, if it is assumed that the membrane is practically impermeable to organic anions 
occurring inside the cell. At the same time, the continuous operation of a sodium 
pump is necessary for the maintenance of equilibrium; this process compensates for 
the flow of sodium along the gradient into the cell. 
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The development of views about the active transport of ions led a number of authors 
[40-43] to attempt to find methods for the exact determination of the distribution 
mechanism (active or passive) of particular ions in isolated tissues, i.e. under conditions 
where the ionic balance is not in equilibrium. For ions subject to a purely passive 
distribution these authors derived the equation 


RT In (M,/My) = — (4) 


where wu, and uw, are the corresponding electrochemical potentials for the ions in the 
external and internal media and M, and M, correspond to the flow of ions into and 
out of the cell. This equation can be rewritten in another form 
RT M, 
=E—E 
F M, 
where E is the potential difference, determined experimentally, between the external 
and internal cell media, and E, is the equilibrium potential for the ion under investiga- 
tion, calculated by means of the Nernst equation from data on its concentration gradient. 
The development of isotopic techniques made it possible to determine the ionic flows 
M, and M,, through the cell surface [8, 40, 41, 44]. With the aid of equation (5) it 
thus became possible to study hypothetical mechanisms for the distribution of ions. 
Studies have been reported in a number of papers [8, 9, 45] on the movement of the 
ions 42K” and 24Na~ through the cell membrane in various materials. The results 
of these studies are given in Table 1. The last two columns, giving values of E and E,, 
for the materials indicated, have been taken from other papers. 
From Table | it will be seen that the experimentally determined ratio of the ionic 
flows for the nerve of the cuttle-fish (0-03) practically coincides with the theoretical 


(5) 


TABLE 1. IONIC CONCENTRATIONS AND FLOW, WITH ASSOCIATED POTENTIAL 


Concentration) Flow in pM Equilibrium | Potential 


mM/kgH.O cm? sec.-1! M potential determ- 
Material Ion Authors based on ined 
Mr concentration exper- 
Outside | Inside In Out ratios imentally 
Keynes 
9-7 246 17 58 0:3 Lewis Ex = 89 
Cuttle-fish (1951) 


nerve 


Keynes 
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nerve (1951) 
Harris 
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Frog sartorius (1949) 
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value calculated from equation (5), if the following values are taken: E = 62 mV 
and E, = 89 mV. In fact, then R7/F ln M,/M, = — 27; appropriate substitution 
gives RT/F = 58, so that In (M,/M,) = — 27/58; from which M,/M, = 0:34. Thus 
the distribution found for potassium satisfies equation (5), that is, it is evidently purely 
passive. The matter is different for the flow of sodium ions. Here the experimental 
ratio is 2 and that calculated theoretically from equation (5), E being taken as 62 mV 
and Ry, as — 52 mV, is many times greater, i.e. M,/M, = 100. These differences 
can be explained if it is supposed that the outward flow of sodium ions is due to an 
active process in which these ions are expelled, and not to passive forces of diffusion 
and electrical potential difference. A similar picture is observed in other excitable 
fibres. 

However, later researches showed that it is impossible to judge the mechanism 
of the distribution of ions on the basis of equation (5). This refers in particular to 
potassium ions. Even at the beginning of the present decade a number of workers 
[46-48] had shown that the inflow of potassium is an active process and that the distri- 
bution is evidently not effected by a Donnan mechanism. Later work [49-52] on the 
giant axon of the cuttle-fish, showed that when the nerve fibre was poisoned by 
metabolic poisons (DNP, cyanides etc.), or when under the action of low temperatures, 
the sodium outflow was reduced from 30 to 40 wumol/cm? sec. to 1 to 2 wumol/cm? sec 
and the potassium inflow from 15 to 30 pmol to 2 to 3 uumol/em?2 sec. Under these 
conditions the sodium inflow and the potassium outflow undergo little change. These 
facts demonstrated that both the inflow of potassium and the outflow of sodium are 
active processes requiring the expenditure of metabolic energy. 


In the derivation of equation (5) it was assumed that the currents of ions into and 
out of the cell do not affect each other, that is, the “independence principle’, which 
is obviously valid for any artificial membrane with a sufficiently low concentration 
of ions in the membrane phase, is assumed to hold. However, it has been shown [53] 
that the membrane of excitable cells is not subject to the “independence principle”’ 
of ionic currents. Thus a ten-fold increase in the external potassium concentration, 
when the experimental conditions were such that the membrane potential did not 
change, led to a reduction in the outflow of potassium ions to one third and to a 
thirty-fold increase in the inflow, whereas if the “independence principle’’ held good 
the outflow should not have changed and the inflow should have increased by a factor 
of only ten. In the work referred to it was shown quantitatively by means of model 
experiments that this kind of situation would have arisen if it is supposed that potassium 
ions cross the membrane through narrow channels in which they move in a row and 
the values of the opposite currents of ions could affect each other. In this connexion 
the passive flow of potassium outwards is considerably greater than that inwards 
(M,/M,,) = 0-1)*; this difference in the passive ionic currents is compensated for 


* These ratios for the passive currents of potassium ions were found under conditions such that 
the active “secretory”’ process was not operating, i.e. when the nerve fibre was poisoned by metabolic 


poisons. 


> 
ACOA | 
| 
4 
| 
4 
oy 
; 
| 
2 
4 
ae 
A 


L. M. CHAILAKHIAN 


6 


by the active process of potassium “secretion”’ inside, and this leads to the agreement 
in the potassium current ratio calculated from equation (5) with those found experi- 
mentally on the normal axon. 

Because of these facts, the Boyle-Conway hypothesis had to be abandoned. The 
distribution of sodium and potassium ions between the cell and the medium is deter- 
mined mainly by an active mechanism of the secretion type. Information on the active 
mechanism governing the distribution of chloride in excitable tissues is not yet available, 
but it may be supposed that the considerably lower amount in cell protoplasm com- 
pared with the external medium is due to the continuous synthesis of labile organic 
anions to which the membrane is practically impermeable. A constant concentration 
of these ions is maintained by cell metabolism. 


We thus see that views within the framework of the membrane theory on the distri- 
bution of ions have undergone fundamental changes since the development of Bernstein’s 
hypothesis. But the idea itself on the nature of resting potentials has remained basically 
unchanged. Whatever the mechanism that produces the steep ionic gradient across 
the cell membrane, the membrane potential is the result of this gradient; the membrane 
potential will be determined both by the concentration ratios and by the permeability 
constants for ions, factors which play a definite part in setting up the membrane 
potential (equation (3)). Since the concentration gradient and permeability are greatest 
for potassium ions, the membrane potential is close to, but always less than, the 
potassium potential. 


(b) The Sorption or Phase Theory 


Hermann [54] put forward different views on the nature of resting potentials in 
the last century. According to the damage theory of Hermann, bio-electrical potentials 
arise on the boundary between the intact and the damaged parts of the protoplasm, 
or between the intact parts and those parts of the protoplasm excited as a result of 
chemical reactions connected with damage to or excitation of the protoplasm; excita- 
tion is considered as reversible damage to the protoplasm. The development of these 
views on the nature of bio-electrical potentials led to hypotheses on the mechanism 
of the distribution of substances that differed from the membrane theory (see on this 
question the monograph of Troshin [55}). 


Over the past 20 years, Nasonov and his co-workers [55-75] have developed 
a non-membrane theory of distribution; they proposed a mechanism for the initiation 
of resting potentials which agrees in principle with the damage theory of Hermann. 
In their main premises these theories differ sharply from the membrane theory. The 
authors deny the existence of a special surface structure with structural and functional 
differences from the protoplasm as a whole. It is supposed that the disperse proto- 
plasmic medium behaves as a phase in relation to the surrounding aqueous solution; 
the protoplasm is then considered not as an aqueous solution of colloids with a gel 
or sol structure, but as a system of complex coacervates in which free water is 
practically absent. This point of view explains the ionic imbalance between the cell 
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and the external medium in a different way. The concentration of a particular ion 
in the cell is explained by the sorption properties of the protoplasm in relation to that ion. 

The principles of the sorption theory are most extensively presented in Troshin’s 
monograph [55]. This author gives the general principles of the distribution of sub- 
stances between the protoplasm and the external medium: according to these principles, 
the total concentration of ions or non-electrolytes in the protoplasm in the equilibrium 
state (C..) is determined by the fraction bound or adsorbed (A) and the fraction dissolved 
in the protoplasm in equilibrium with the surrounding solution. If the concentration 
of material in the surrounding aqueous solution is denoted by C,, then the dissolved 
fraction is expressed by the value of C,K, where K is the distribution coefficient between 
the aqueous and protoplasm phases. Thus 


C, = C.K+A (6) 


Ratios of this kind between the external and internal concentrations are shown 
in Fig. 1. Since most substances are less soluble in the protoplasm than in the surroun- 
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Fic. 1. Distribution curves for sodium and potassium ions between the cell (C,) 
and the external solution (C,). Curve OC for K+, OA for Nat. (From [55]). 


ding solution (K < 1), the actual concentration of a particular substance in compa- 
rison with the surrounding solution will be determined, according to the sorption 
theory, by the value of A for that substance, that is by its binding tendency. For 
potassium ions, for example, A is large (Fig. 1), and for sodium and chloride ions A 
is small or zero; consequently, the concentration of potassium in the protoplasm is 
much greater, and that of sodium and chloride less, than in the surrounding medium. 
Thus, from the point of view of these principles, the overwhelming bulk of the potassium 
(85 to 90 per cent) occurs in the bound state. According to this theory, the boundary 
between the protoplasm and the external medium is not associated with special 
membrane structures but is simply a boundary between two phases, similar to the 
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boundary between water and oil, and the resting potential is an interphase potential 
which is determined by the following Nernst equation: 


Ep= (7) 


where n* and n~ are the distribution coefficients of the ions that give rise to the potential. 
In undamaged protoplasm the potassium is bound and the phase potential is therefore 
determined by the distribution of sodium and chloride ions; but because the distribution 
coefficients of these ions, according to this theory, are about equal, then Ep = 0. 
Thus, for intact tissue, the presence of any kind of “pre-existing’’ damage or excitation 
potential is not accepted. From this point of view the resting potential arises only 
as a result of damage under recording conditions. The supporters of this point of 
view assume that the abrupt potential change is determined by the boundary between 
the damaged and the undamaged protoplasm; this, it will be recalled, forms the main 
idea of Hermann’s damage hypothesis. Because the protoplasm loses its phase pro- 
perties when it is damaged, the potassium ions are set free. The distribution coefficient 
for these ions in intact protoplasm is greater than that for chloride ions. Therefore 
the damaged part of the protoplasm becomes negatively charged in relation to the 
undamaged. The supporters of the sorption theory also assume that the diffusion 
potentials produced in the protoplasm when the cell is damaged play a definite part 
in setting up the resting potential. Views similar to those of Nasonov and his co-workers 
have also been developed by other physiologists [76]. 


(c) Other Modern Views on the Mechanism of Ionic Distribution and the Nature 
of Resting Potentials 


Ling [77] has proposed a hypothesis which explains the large concentration of 
potassium within the cell and the small concentration of sodium in the following way. 
Because they have a smaller solvation shell than sodium ions, the potassium ions 
approach closer to the fixed negative charges on proteins*, and because of the sharp 
reduction in the dielectric permeability of the hydration water, the interaction of the 
coulombic forces between the potassium ions and these charges is several times greater 
than with sodium ions. In other words, it is assumed that there is a specific mechanism 
for the selective adsorption of potassium ions. Ling points out that the differences 
between the internal and external concentrations for potassium and sodium ions can 
give rise to significant adsorption potentials. 

Recently a number of papers have been published by Simon, Show et al. [78-80] 
in which a mechanism for ionic distribution close to Ling’s hypothesis is suggested. 
However, these authors differ from Ling in suggesting that potassium ions are adsorbed, 
not because of coulombic forces, but because the fixation position of the potassium 
ion is a characteristic lattice-ordered structure, occupying two thirds of the cell volume. 


* According to this hypothesis, the anions of some organic phosphorus acids (ATP, etc.) are 
strongly absorbed on the cell protein structure and maintain the proteins in an unfolded state. 
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Sodium and other ions are excluded from this structure space and diffuse into the 
remaining, non-ordered, part of the cell, which is in physico-chemical equilibrium 
with surrounding medium. These authors assume that anions occur in this second 
non-ordered structure which cannot diffuse through the membrane, and that a Donnan 
equilibrium can be set up between this structure and the external solution. 
Another hypothesis put forward by Edwards and Harris [81, 82] and resembles 
the one mentioned above. These authors consider that there is an internal part in the 
cells of excitable tissue in which nearly all the potassium occurs, not bound, but not 
capable of free diffusion because of the anionic parts of the protoplasm which retard 
its movement electrostatically. The external part contains mainly sodium ions. In 
the opinion of these authors, the resting potential is made up of the sum of the Donnan 
potential across the membrane between the external solution and the external part 
of the cell and the diffusion potential between the external part with a high concentra- 
tion of sodium ions and the internal part with a high concentration of potassium ions. 


Hypotheses have also been put forward according to which the resting potential 
or membrane potential is directly associated with metabolism. One of the first of 
these was Lund’s hypothesis [83]. He attempted to interpret bio-electrical potentials 
as oxidation-reduction potentials. Beritashvili [84] and Kometnani [85] also consider 
it possible that redox potentials of cellular oxidation-reduction systems are transformed 
into bio-electrical potentials. Lorents de No [86] supposes that the resting potential 
is a function of oxidative metabolism. We would also point to the large amount of 
work which directly associates the existence of the resting potential with carbohy- 
drate-phosphorus metabolism [87-102]. 


(d) Critical Examination of the Main Hypotheses on the Nature of Resting Potentials 


The hypotheses examined consider the nature of resting potentials in different 
ways, linking it either with membrane, inter-phase and diffusion potentials, or with 
metabolic, oxidation-reduction, potentials. However, there are important theo- 
retical grounds and also extensive experimental work which compel us to regard 
the latter group of hypotheses as unsound. According to modern physico-chemical 
ideas, the conduction of electrons is not possible over the whole cellular structure; 
Rubinshtein [103] has pointed out that when non-metallic electrodes are used for 
recording in living structures it is most likely that the potentials are “purely’’ ionic 
in nature. The basis of these potentials is not the new creation and disappearance of 
ions (potentials of the electron type — electrode and oxidation—-reduction potentials), 
but an unbalanced distribution of ions between the two sides of some boundary surface. 
This naturally leads to the view that bio-electrical potentials are of a membrane or 
phase nature. Because of these considerations, hypotheses associating the resting 
potentials with oxidation—-reduction potentials are highly improbable. Moreover, 
there are indications that the temperature coefficient of the resting potential is close 
to unity and varies within the limits 1-03 to 1-3. These facts were recorded even in 
early papers of Bernstein [12]. They were established in later studies [104] and, finally, 
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in research work done in recent years under the most trustworthy experimental con- 
ditions on single nerve-muscle and heart-muscle fibres [105-107]. The low temperature 
coefficient of the resting potential indicates that the latter cannot be a direct reflection 
of metabolic reactions in living cells. Moreover, the low temperature coefficient is 
in good accord with hypotheses which consider the resting potential as a membrane, 
phase, or diffusion, potential. 

There is a good deal of experimental work which goes to show that metabolism 
is necessary to maintain the resting potential at a high level for long periods. Proofs 
of this have been adduced by Lorente de No [86] and by a number of Soviet workers 
[88-103] already mentioned; it has also been pointed out in papers by Gerard and 
others [108-113]. It is generally accepted that metabolism is necessary for the main- 
tenance of the resting potential [22, 55, 114, 115]. Thus, an analysis of the experimental 
work shows that, on the one hand, metabolism in necessary for the prolonged main- 
tenance of the resting potential, and on the other hand, the resting potential is not 
a direct consequence of metabolism. This state of affairs suggests that metabolism 
is evidently essential to ensure conditions suitable for the development of ionic poten- 
tials. 

Each of the “purely” ionic theories of the resting potential we have considered provides 
its own answer to the question of the connexion between metabolism and the resting 
potential. To begin with, we note that the main hypotheses of the mechanism of ionic 
imbalance and the nature of the resting potential examined above can be divided into 
two classes representing sharply opposed views — the membrane theory and the phase 
theory. Lung’s hypothesis is essentially a specific variant of the phase theory. The 
hypothesis of Show, Simon et a/., and also that of Harris and Edwards, are compromises 
between the membrane and the phase theories; these consider the cell as a structure 
consisting of two phases —a non-aqueous organized structure and an aqueous 
unorganized structure. 

Metabolism is essential for the activity of the sodium and potassium “pumps” 
which maintain the ionic gradient across the membrane and in this the supporters 
of the membrane theory see a connexion between the resting potential and metabolism. 
The “pump” problem is essentially at the beginning of its development and can be 
broken down into two fundamental problems connected with (1) the specific mechanism 
of the “pumps’’, (2) the cycle of energy transformations making available the energy 
for the “pumps’’. The first of these has already been dealt with several times in the 
literature [22, 42, 52, 115-117]. 

More than a dozen or so specific variants of this mechanism have been put forward. 
According to the most probable view, the expulsion of sodium and the entry of po- 
tassium are conjugate processes of a single mechanism. This view is supported by the 
sharp reduction in the action of the sodium “pump” (to one fourth or less) in the 
absence of external potassium and the simultaneity of the effects produced by various 
factors on the sodium and potassium “pumps” [52]. Such an exchange mechanism 
for sodium and potassium ions would create neutral conditions in the system as a 
whole, and a system of this kind would not perform work against an electric field but 
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only against a concentration gradient. The second problem has also been discussed 
{115, 118]. There are important grounds for supposing that for the continuous action 
of the pumps in non-myelinated fibres it is necessary to utilize energy-rich phosphate 
bonds [115]. Preliminary calculations have shown that the expulsion of one sodium 
ion requires the rupture of four such bonds. 


The supporters of the phase or sorption theory see a connexion between the resting 
potential and metabolism in the fact that the latter is essential for the maintenance 
of the characteristic sorption properties of protoplasm (i.e. a system as a non-aqueous 
phase). According to Ling’s hypothesis, the conditions necessary for the maintenance 
of suitable properties in the protoplasm is the presence of a definite concentration 
of organic phosphate anions (ATP, etc.). 


We therefore see that up to now there have been two main physico-chemical 
theories about the mechanism of the distribution of ions and the nature of resting 
potentials. These theories — the membrane theory and the phase theory — are based 
on entirely different views of the physico-chemical structure of excitable cells. Many 
detailed critical reviews of the two points of view have appeared [56, 57, 63-65, 119-126] 
which give both the theoretical arguments and experimental facts in favour of each. 
However, as far as the development of these two theories is concerned, most of the 
questions considered are now of only historical interest. For this reason, it is necessary 
to review the membrane and phase theories in the light of modern experimental work. 
The most important questions are: (1) the state of the water and the electrolytes in 
the protoplasm, (2) special features in the constitution and electrical properties of 
the surface structures of the protoplasm, and (3) quantitative comparison of actual 
values of the resting potential with those to be expected theoretically on the basis 
of a particular physico-chemical structure of the cell. 


The high osmotic activity of excited cells was noted in comparatively early papers 
[127-129], and this was taken to indicate that the main mass of water and cations in 
the protoplasm is free. However, Troshin [55, 74] criticises views of this kind, pointing 
out that the behaviour of living cells does not follow the osmotic law. In his opinion, 
the loss or accretion of water is due to the action of molecules of various compounds 
on the hydration properties of cell proteins. Nevertheless, addition to previous experi- 
mental results which have been used to demonstrate the presence of free water and 
cations in protoplasm, and which have already been discussed, more recent results 
can be quoted in support of this hypothesis. Thus, in experiments with heavy water 
[130] it was shown that after 40 min all the water of the muscle is exchanged for blood- 
plasma water, and it has been shown in experiments on isolated crab axons [131] 
that, for volume osmotic effects, equilibrium is established in not more than a few 
minutes. These facts cannot be explained without supposing that the main mass of 
water and cations in the protoplasm is free. In addition, during recent years information 
has become available on the active transport of materials in living cells and also on 
the mechanical elasticity of protoplasm due to its submicroscopic structure, which 
leads to the idea that the cell cannot be regarded as an ideal osmometer, even though 
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the main mass of water and cations in it might be free. Here the research work of 
Frey—Wyssling [132] is of value. 

The problem of free or bound cations in excitable cells is in the main reducible 
to the question of the state of the potassium ions, since these ions form the overwhelming 
proportion of the cell cations. There are a number of papers [133-135] in which 
an attempt has been made to solve this problem by appropriate mechanical and chemical 
treatment of the tissues studied. However, these procedures cannot be considered 
entirely satisfactory because of the damage to the intact structure of the protoplasm 
in the course of the investigation. 

In the 1950's isotopic methods began to be applied to the solution of the problem 
mentioned above; with the aid of these methods it became possible to study the rate 
of interchange of various ions between the cell and the medium. Unfortunately, these 
studies have given rather contradictory results. Thus according to some work [136, 137] 
only 10 to 20 per cent of the potassium is free; other papers [82, 130, 138] give the 
figure as 40 to 50 per cent and still others [139-140] give 90 to 95 per cent. It is possible 
that these discrepancies are due to the probability of large errors in the application 
of the method. 

However, fairly recently [141, 142] the coefficients of diffusion and mobility of 
potassium and sodium ions have been measured in single fibres of the cuttle-fish and 
the squid. It has been shown that these parameters for potassium and sodium ions 
are close to those which are characteristic of aqueous solutions containing these ions. 
Appropriate calculations showed that about 85 to 90 per cent of these ions in proto- 
plasm are completely free. 

Finally, there is a large volume of work [27, 28, 143-145] on the measurement 
of electrical conductivity which convincingly shows that the specific resistance of the 
protoplasm of various excitable materials is only 1-5 to 3 times greater than the specific 
resistance of the external liquid. When it is considered that the main mass of anions, 
which accounts for practically half of the transport current, is represented by high 
molecular weight organic anions* of low mobility [4] and also the fact that figures 
on the specific resistance relate to the whole volume of protoplasm and not merely 
to the volume of water, it can be supposed that the results obtained support the view 
that the cations in the cell are free. This applies in particular to potassium ions. 

Therefore, on the basis of all the facts considered above, it can be assumed that 
80 to 90 per cent of the water and cations in protoplasm are in the free state. Results 
on cell electrical conductivity are in good agreement with this view. An analysis of 
electrical conductivity of the cell shows that the surface layer of protoplasm has a 
specific resistance millions of times greater than that of the remaining protoplasm, 
and it also has a high static capacity. This kind of electrical characteristic of the surface 
structure of the protoplasm could not occur if it were only the boundary of division 
between a coacervate and its equilibrium liquid, as proposed in the phase theory [55]. 


* The problem of the deficit in the cell of inorganic ions and the compensation of this deficit by 
high molecular weight anions has frequently been discussed in the literature [22, 39, 55]. 
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Experiments on electrical conductivity have shown that the protoplasm surface is 
sharply distinguished from the whole cell structure, which is obviously due to the 
existence of a membrane. This agrees with recent morphological findings, which have 
shown with the aid of the electron microscope that in non-myelinated fibres the surface 
layer of the protoplasm for a thickness of 50-100 A can be deeply stained with osmic 
acid or with permanganate [146, 147]. Therefore, the physico-chemical interpretation 
of the passive electrical behaviour of excitable cells agrees well with the principles of 
the membrane theory. 

The determination by the isotopic method of the mobility of cations inside the cell 
and also of the flow of ions through the cell surface made it possible to compare 
quantitatively electrical conductivities with ionic mobilities. This comparison was 
carried out under conditions such that M, = M, = M [22]. When a weak current, 
dl, was applied under these conditions, the membrane potential changed by dE. Thus 
dl/dE, considered as a membrane conductivity, can be measured experimentally. 
The total current density through the membrane amounts to J, +Jy,+J,, and the 
membrane conductivity, G,,, can be considered as the sum of the conductivities G,,.+ 

+Gy,+Ge, = Gy. By means of equation (5), G,, for the membrane, measured by 
the electrical conductivity method, can be quantitatively compared with the ionic 
current, M, measured by the isotopic method. The results are calculated according 


to the equation 


Gy, = F2M/RT (8) 


It has been established that the membrane conductivities obtained from the evidence 
provided by these two experimental procedures are in good agreement. The mobility 
of the axoplasm cations, measured by means of radioactive isotopes, also agrees with 
the value of the conductivity of the axoplasm, measured by the electrical conductivity 
method. This agreement demonstrates in fact that the electrical parameters of the 
cell must be interpreted in terms of ionic mobility in some particular part of its structures. 
The ionic mobility in the membrane, which is a million times less than that in the internal 
and external media, determines its characteristic electrical properties*. The first of 
the two problems is therefore settled. 

As for the second question, it is entirely impossible to explain resting potentials 
of about 60 to 90 mV from the point of view of the phase theory. Since the phase 
theory denies the existence of a membrane, the presence of the resting potential must 
be associated with phase or diffusion potentials. However, not accepting the membrane, 
the phase theory explains the ionic imbalance by postulating that the main mass of 
potassium in the cell is bound; the activity of the ions in the cell should then be close 
to zero. At the same time, the phase theory assumes an extremely low electrochemical 
potential and cannot explain the fairly large resting potentials found experimentally. 


* If the formula for a parallel-plate capacitor is used in the calculation of the membrane capacity, 
E = e/4n d, then from a knowledge of C (known by experiments on electrical conductivity to be 

1 uF) and d (known by electron microscopy to be ~ 5°-100 A), it may be assumed that the dielectric 
permeability of the membrane varies over the range 5 to 10, that is, it is close to the value for a lipid. 
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We have already pointed out that from the point of view of the phase theory a potential 
difference cannot exist on the intact surface, since the sodium ions and the chloride 
ions have equal distribution coefficients. As far as the abrupt change in potential 
at the boundary of damaged and undamaged protoplasm is concerned, from the point 
of view of the phase theory this should not exceed 5 to 7 mV, since the distribution 
coefficient of potassium ions in intact protoplasm is only 1-5 times that of sodium 
of chloride ions, according to the data of Troshin [55]. 

The advocates of the phase theory also point to the possibility of the initiation 
of diffusion potentials; however for the reasons given above these potentials, too, 
should not exceed a few millivolts. Therefore any theory that explains the ionic imba- 
lance by a sharp fall in cationic activity within the cell, i.e. by denying the existence 
of a true ionic gradient between the cell and the medium, will always have difficulty 
in explaining large resting potentials. From an electrochemical point of view the presence 
of ionic gradients is essential for the production of any potential difference of purely 
ionic origin. The membrane theory includes the initial prerequisites for explaining 
the production of significant values of the resting potential, because according to this 
theory the activity of the main mass of cations in the cell is close to unity. We have 
pointed out that the membrane potential can be quantitatively expressed by equation (3), 
and because of the large concentration gradient of potassium ions and the high permea- 
bility of the membrane to these ions, it is close to, but always somewhat less than, 
the potassium potential. 

The study of the behaviour of the membrane potential with changes in the external 
potassium concentration provides an important quantitative test of the membrane 
theory. Studies of this kind have been carried out by a large number of workers [26, 
32, 148, 151]. Without going into details, we would point out that, in the main, similar 
results have been obtained [Fig. 2]. Once the concentration of potassium outside 
the cell has been increased to 5 or 6 times the normal value, further changes in the 
resting potential are proportional to the logarithm of the external concentration, 
which agrees with the Nernst equation (straight part of line AB in Fig. 2). However, 
with a negligible increase in the external potassium concentration, the potential change 
is considerably less than that to be expected from the Nernst equation. It has also 
been shown that the behaviour of the membrane potential does not follow the 
Nernst equation when potassium is injected into the cell [152, 153]. These facts are 
considered by some authors [153, 154] as a serious objection to the view that the 
membrane potential is mainly determined by the potassium gradient. However, the 
initial behaviour of the curve AB can be explained in the following way. Under normal 
conditions of the membrane potential, a considerable fraction of the current transported 
through the membrane is accounted for by sodium and chloride ions. But when the 
external concentration of potassium is increased and the membrane potential falls 
as has been shown [155-157], a sharp increase in the permeability to potassium occurs, 
and the current through the membrane, with depolarizations of 10 to 15 mV, is mainly 
due to potassium ions. With further reductions, the membrane potential behaves 
as a potassium electrode potential according to the Nernst equation. Obviously, on 
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this basis it is also possible to explain the effects produced when potassium is injected 
into the cell. 

The suggestion of Lorente de No [86] that the cause of the reduction in the membrane 
potential when the external concentration of potassium is increased is not the reduction 
in the ratio [Kj ]/[K;], but the specific action of the potassium directly on the 
protoplasm is rendered untenable by the experiments of Huxley and Staémpfli [150] 
in which it was shown that changes in the membrane potential set in within 1-2 sec. 


QO 125 25 § W 20 4 80 Ib0 uM 


Fic. 2. Change in membrane potential with increased concentration of potassium 
ions in the external solution (curve AC). Abscissa: concentration of K* Ordinate: 
membrane potential. 


The tremendous amount of experimental work done during the past 20-25 years 
compels us to suppose that the membrane potential, or the resting potential, is most 
probably a function of ionic gradients and ionic mobilities through the surface 
membrane, and it is closely related to the potassium potential. 


Translated by E. Hayes 


REFERENCES 


. FENN, W. O., COBB, D. B., HEGNAUER, A. H., and MARSH, B.S., Amer. J. Physiol. 110: 
74, 1934 

. FENN, W.0O., Physiol. Rev. 16: 450, 1936 

. BEAR, R. S., SCHMITT, F. O., and YOUNG, J. Z., Proc. Roy. Soc. B 123: 505, 1937 

BEAR, R.S., and SCHMITT, F. O., J. Cell. Comp. Physiol. 14: 205, 1939 

WEBB, D. A., and YOUNG, J. Z., J. Physiol. 98: 299, 1940 

. STEINBACH, H.B., J. Cell. Comp. Physiol. 17: 57, 1941 

STEINBACH, H. B., and SPIEGELMAN, S., J. Cell. Comp. Physiol. 22: 187, 1943 

. KEYNES, R. D., and LEWIS, P.R., J. Physiol. 113: 73, 1951 

. KEYNES, R.D., and LEWIS, P.R., J. Physiol. 114: 151, 1951 

. FENN, W. O., and COBB, D.B., J. Gen. Physiol. 17: 629, 1934 

. BOYLE, P. J., and CONWAY, E. J., J. Physiol. 100: 1, 1941 


oy 
7 
‘ 
\ 
60 \ 
\ : 
\ 
A 
4] \ : 
\ 
\ 
\ 
20 
\ 
\ 
\ 8 

= 

i 

= 


. BERNSTEIN, J., Pfliig. Arch. Ges. Physiol. 92: 521, 1902 
. BERNSTEIN, J., Elektrobiologie, Braunschweig, 1912 
. FENN, W.O., and HAEGE, L., J. Cell. Comp. Physiol. 19: 37, 1942 

. HEPPEL, L. A., Amer. J. Physiol. 127: 385, 1939 

. MANERY, J. F., and BALE, W., Amer. J. Physiol. 132: 215, 1941 

. USSING, H.H., Nature, Lond. 160: 262, 1947 

. OVERTON, E., Vierteljahrschr. Naturf. Ges. Ziirch. 44: 88, 1899 

. RUHLAND, P., Ber. Dtsch. bot. Ges. 26a: 772, 1908 

. NATHANSON, A., Jb. Wiss. Bot. 39: 607, 1904 

. DEAN, R. B., Biol. Symp. 3: 331, 1941 

. HODGKIN, A.L., Biol. Rev. 26: 339, 1951 

. HODGKIN, A. L., and HUXLEY, A.F., Nature, Lond. 144: 710, 1939 

. HODGKIN, A. L., and HUXLEY, A. F., J. Physiol. 144: 710, 1939 

. HODGKIN, A. L., and KATZ, B., J. Physiol. 108: 37, 1949 

. CURTIS, H. J., and COLE, K.S., J. Cell. Comp. Physiol. 19: 135, 1942 

. HODGKIN, A. L., and RUSHTON, W. A.H., Proc. Roy. Soc. B 133: 444, 1946 

. HODGKIN, A.L., J. Physiol. 106: 305, 1947 

. WEIDMANN, S., J. Physiol. 114: 372, 1951 

. HUXLEY, A. F., and STAMPFLI, R., J. Physiol. 112: 476, 1951 

. LING, G., and GERARD, R.W., J. Cell. Comp. Physiol. 34: 383, 1949 

. NASTUK, W.L., and HODGKIN, A.L., J. Cell. Comp. Physiol. 35: 39, 1950 

. ADRIAN, R.H., J. Physiol. 133: 631, 1956 

. KOSTIUK, P. G., Biofizika 2: 401, 1957* 

. KURELLA, G.A., Biofizika 3: 614, 1958* 

. GOLDMANN, D.E., J. Gen. Physiol. 27: 37, 1943 

. KATZ, B., Symp. Soc. Exp. Biol. 6: 16, 1952 

. ECCLES, J. C., The Neurophysiological Basis of Mind. Oxford, Clarendon Press, 1953 
. FLOID, U.F., Sb. Nekotorye problemy sovremennoi elektrokhimii. (Collection of Papers 


L. M. CHAILAKHIAN 


of Some Problems of Modern Electrochemistry) Izd-vo Inostr. Lit., Moscow, 1958 


. USSING, H.H., Physiol. Rev. 29: 127, 1949 

. USSING, H.H., Acta Physiol. Scand. 19: 43, 1949 

. USSING, H.H., Symp. lon Transport Across Membranes. Academic Press New York, 1954 
. TEORELL, T., Arch. Sci. Physiol. 3: 205, 1949 

. KROGH, A., Proc. Roy Soc. B 133: 140, 1946 

. LEVI, H., and USSING, H.H., Acta Physiol. Scand. 16: 232, 1948 

. SHANES, A. M., J. Gen. Physiol. 34: 795, 1951 

. SHANES, A. M., Fed. Proc. 10: 611, 1951 

. MAURO, A., Biol. Bull. 105: 378, 1953 

. HODGKIN, A.L., and KEYNES, R. 
. HODGKIN, A. L., and KEYNES, R. 
. HODGKIN, A. L., and KEYNES, R. 
. HODGKIN, A. L., and KEYNES, R. 
. HODGKIN, A. L., and KEYNES, R.D., J. Physiol. 128: 61, 1955 

. HERMANN, L., Allgemeine Muskelphysik. Handbuch der Physiologie, Leipzig, 1879 

. TROSHIN, A.S., Problema kletochnoi pronitsayemosti (Problem of Cell Permeability). Izd-vo 


-» J. Physiol. 119: 513, 1953 

.» J. Physiol. 120: 45P-46P, 1953 
., J. Physiol. 128: 28, 1955 
J. 


D 
D 
D 
D Physiol. 128: 28, 1955 [sic] 


Akad. Nauk SSSR, Moscow — Leningrad, 1956. 


. NASONOYV, D.N., Sb. Problema pronitsayemosti (Collection of Papers on the Problem of 


Permeability). Tr. konf. Mosk. obshch. fiziol., pp. 18, 69, 96, 111, 1939 


. NASONOV, D.N., Gagrskie Besedy (Gagra Discussions), 1: 1, 1949 
. NASONOV, D.N., Tezisy dokladov. Priroda i metody issledovaniia bioelektricheskikh potents. 


(Research Papers on the Nature and Methods of Investigating Bio-electrical Potentials), Moscow, 
1954 


14 
l¢ 
l 
1! 
2( 
24 
2¢ 
A 
| 4000 
30 
3] 
32 | 
34 
36 | 
7 
38 | 
39 
41 
3 
3 
: 
| 
: 
2 
57 


Modern views on the nature of resting potentials 


. NASONOV, D.N., Fiziol. zh. SSSR 41: 554, 1955 

. NASONOV, D.N., and ALEKSANDROY, V.IA., Arkh. biol. nauk 36: 25, 1934 

. NASONOV, D.N., and ALEKSANDROY, V.IA., Biol. zh. 6: 117, 1937 

. NASONOYV, D.N., and ALEKSANDROY, V.IA., Reaktsiia zhivogo veshchestva na vneshnie 
vozdeistviia (Reactions of Living Substances to External Effects), Moscow, 1940 

. NASONOV, D.N., and ALEKSANDROYV, V.IA., Usp. sovr. biol. 16: 577, 1943 

. NASONOV, D.N., and ALEKSANDROY, V.IA., Usp. sovr. biol. 17: 1, 1944 

. NASONOYV, D.N., and ALEKSANDROY, V.IA., Usp. sovr. biol. 20: 109, 1945 


66. NASONOV, D.N., and ALEKSANDROYV, V. IA., Fiziol. zh. SSSR 36: 666, 1950 


. NASONOV, D.N., and AIZENBERG, E.I., Biol. zh. 6: 165, 1937 

. AIZENBERG, E.I., Arkh. anat. gistol. embriol. 22: 86, 1939 

. ALEKSANDROY, V. IA., Sb. problema pronitsayemosti. (Papers on the Problem of Permeability). 
Tr. konf. Mosk. obschch. fiziol., p 47, 1939 

. KAMENEY, I. E., Arkh. anat. gistol. embriol. 19: 145, 1938 

. TROSHIN, A.S., Arkh. anat. gistol. embriol. 22: 44, 1939 

. TROSHIN, A.S., Izv. Akad. Nauk SSSR, Ser. biol., No. 4, 425, 1948 

. TROSHIN, A.S., Biull. eksp. biol. med. 31: 180, 1951 

. TROSHIN, A.S., Rol’ sorbtsii v iavleniiakh kletochnoi pronitsaemosti. Avtoref. diss. (The 
Role of Sorption in Cell Permeability Phenomena. Author’s summary of dissertation.) Leningrad 
State University, 1953 

. TROSHIN, A. S., Biofizika 2: 617, 1957* 

. SEGAL, J., Die Erregbarkeit der lebenden Materie, Fischer Verlag, Jena, 1957 

. LING, G. W., Symposium on Phosphorus Metabolism 2: 748, 1952 

. SHOW, F. H., SIMON, S. E., and JOHNSTONE, B. M., J. Gen. Physiol. 40: 1, 1956 

. SHOW, F. H., SIMON, S. E., JOHNSTONE, B. M., and HOLMAN, M.E., J. Gen. Physiol. 
40: 263, 1956 

. SIMON, S. E., SHOW, F. H., BENNETT, S., and MULLER, M., J. Gen. Physiol. 40: 753, 
1957 

. EDWARDS, C., and HARRIS, E. J., J. Physiol. 135: 567, 1957 

. HARRIS, E. J., J. Gen. Physiol. 41: 169, 1957 

. LUND, E., J. Exp. Zool. 51: 265, 1927 

. BERITASHVILI, I. S., Gagrskie Besedy. (Gagra Discussions.) Izd. Akad. Nauk Gruz. SSR, 
Tiflis 1: 1949 

. KOMETNANI, P. A., Gagrskie Besedy. (Gagra Discussions.), Izd. Akad. Nauk Gruz. SSR, 
Tiflis 1: 51, 1949 

. LORENTE DE NO, R., A study of nerve physiology, Vol. 1 and 2, Rockefeller Institute for 
Medical Research, New York, 1947 

. MUZHEYEYV, V. A., and BORDZYKO, S., Biol. zh. 2: 70, 1933 

. MUZHEYEY, V.A., and POPOVA, M.F., Biofizika 1: 741, 1956 

. MIKHEL’SON, N.I., Fiziol. zh. SSSR 19: 987, 1935 

. KARAYEYV, A.L., Fiziol. zh. SSSR 23: 241, 1937 

. LEBEDINSKII, A. V., Sb. Problema pronitsayemosti (Papers on the Problem of Permeability). 
Tr. konf. Mosk. obshch. fiziol., p. 79, 1939 

. LEBEDINSKIOL, A. V., Tezisy doklada. Priroda i metody issledovaniia bioelektricheskikh potents. 
(Research Papers. Nature and Methods of Investigating Bioelectrical Potentials.) Izd. Akad. 
Nauk SSSR, Moscow, 1954 

. LEBEDINSKII, A. V., GRAMENITSKII, E.M., KAMKAI, M. D., MOZZHUKHIN, A.S., 
SEROV, G. N., and IAROSLAVSKAIA, R. G., VII Vsesoiuzn. s’ezd fiziol., biokhim., i farmakol. 
(Seventh All-Union Congress of Physiologists, Biochemists and Pharmacologists.) Moscow, 
Medgiz, 1947 


* There is a translation into English of this work. 


59 
60 
61 
63 
64 : 
65 
67 
68 
69 
70 5 
71 
Le 72 
A 73 : 
74 
75 
76 
77 
79 
80 
81 
82 
85 
86 
87 
89 
91 
ts 
93 


37. ROTHENBERG, M. A., Biochim. Biophys. Acta 4: 96, 1950 


. MOZZHUKHIN, A.S., Biull. exp. biol. med. 26: 351, 1948 
. MOZZHUKHIN, A. S., Biull. exp. biol. med. 26: 412, 1948 


L. M. CHAILAKHIAN 


MOZZHUKHIN, A.S., Tr. VMA im. S. M. Kirova 45: 27, 1950 


. MOZZHUKHIN, A.S., Tr. VMA im. S. M. Kirova 45: 19, 1950 


LEBEDINSKII, A. V., and MOZZHUKHIN, A.S., Tr. VMA im. S. M. Kirova, 45: 5, 1950 
IL’YINSKH, D. A., Tr. VMA im. S. M. Kirova 45: 41, 1950 
KONTOROVICH, M. M., Tr. VMA im. S. M. Kirova 45: 60, 1950 


. TOVBI, I. M., Tr. VMA im. S. M. Kirova 45: 80, 1950 

. IAROSLAVSKAIA, R.I., Tr. VMA im. S. M. Kirova 45: 52, 1950 

. RUBINSHTEIN, D.L., Obshchaia fiziologiia (General Physiology), Moscow, 1947 

. AUGER, D., and FESSARD, A., C. R. Soc. Biol., Paris 122: 189, 1936 

. HODGKIN, A.L., and KATZ, B., J. Physiol. 109: 240, 1949 

. LING, G., and WOODBURY, M., J. Cell. Comp. Physiol. 34: 407, 1949 

. TRAUTWEIN, W., GOTTSTEIN, U., and FEDERSCHMIDT, K., Pfliig. Arch. Ges. Physiol. 


258: 843, 1953 


. GERARD, R., J. Physiol. 92: 498, 1930 

. LING, G., and GERARD, R. W., J. Cell. Comp. Physiol. 34: 413, 1949 

. SHAPIRO, H., Cold Sp. Harb. Symp. Quant. Biol. 7: 406, 1939 

. SHANES, A. M., and BROWN, D.E., J. Cell. Comp. Physiol. 19: 1, 1942 

. SHANES, A. M., J. Cell. Comp. Physiol. 23: 193, 1944 

. BISHOP, G.H., Ann. Rev. Physiol. 3: 1, 1941 

. BISHOP, G.H., Physiol. Rev. 36: 376, 1956 

. HODGKIN, A.L., Proc. Roy. Soc., B 148: 1, 1958 

. CONWAY, E. J., Symp. Soc. Exp. Biol. 8: 297, 1954 

. POLISSAR, M. J., The Kinetic Basis of Molecular Biology, New York, 1954 
. DANIELLI, J. E., Symp. Soc. Exp. Biol. 6: 1, 1952 

. LEBEDINSKII, A.V., Vstupitel’naia stat’ia k knige “Gal’vani i Vol’ta’’. Izbrannye raboty o zhivotn. 


elektrich. (Preface to the book, “Galvani and Volta’. Selected Works on Animal Electricity.) 
1937 


. RUBINSHTEIN, D.L., Sb. Problema pronitsayemosti. (Collection of Papers on the Problem 


of Permeability.). Tr. konf. Mosk. obshch aiziol., p. 7, 72, 112, 1939 


. RUBINSHTEIN, D.L., Usp. sovr. biol. 18: 376, 1944 
. RUBINSHTEIN, D.L., Gagrskie besedy. (Gagra Discussions.) 1: 28, 34, 85, 1949 
. HILL, A. V., Epizody iz oblasti biofiziki (Episodes from the Field of Biophysics). Biomedgiz, 


1935 


. KAN, I. L., Sb. Problema pronitsayemosti. (Collection of Papers on the Problem of Permeability.) 


Tr. konf. Mosk. obshch. fiziol., p. 109, 1939 


. ZHUKOYV, E. K., Usp. sovr. biol. 22: 25, 1946 

. VORONTSOYV, D.S., Gagrskie besedy. (Gagra Discussions.) 1: 1949 

. FENN, W. O., J. Cell. Comp. Physiol. 9: 93, 1937 

. HILL, A. V., Proc. Roy. Soc. B 106: 477, 1930 

. HILL, A. V., and KUPALOYV, P., Proc. Roy. Soc. B 106: 445, 1930 

. HAHN, L., and HEVESY, G., Acta Physiol. Scand. 1: 347, 1941 

. HILL, D.K., J. Physiol. 111: 304, 1950 

. FREY-WYSSLING, A., Submikroskopicheskoe stroyeniye protoplazmy i eye proizvodnykh. 


(Submicroscipic Structure of Protoplasm and its Derivatives.) Izd. inostr. lit., Moscow, 1950 


. ERNST, E., and FRICKER, J., Pfliig. Arch Ges. Physiol. 234: 360, 1934 
. REGINSTER, A., Arch. Int. Physiol. 67: 71, 1938 
. KOMETIANI, P. A., KLEIN, E. E., and DOLIDZE, SH. V., Biokhimiia 11: 253, 1946 


. MULLINS, L. J., FENN, W. O., NOONAN, T.R., and HAEGE, L., Amer. J. Physiol. 135: 
93, 1941 


18 
94 
95 
6 
98. 
99. 
100 
10] 4 
102 
103 
104 
105 
106 
107 
q 
108 
109 
110 - 
VOL. 
11] 
112 
113 
114 
115 
118 
119 
120 
7 
a 
125 
127 
133 
135 
x 


Electrical activity of giant axon of earthworm in supercooled state 19 


. HEVESY, G., and HAHN, L., Det. Kgl. Danske Videnskab. Selskab., Biol. Medd. 16: 1, 1941 
139. KEYNES, R.D., J. Physiol. 114: 119, 1951 

140. GREESE, R., J. Physiol. 115: 23P, 1951 

141. HODGKIN, A. L., and KEYNES, R.D., J. Physiol. 119: 513, 1953 

142. HODGKIN, A. L., and KEYNES, R.D., J. Physiol. 131: 592, 1956 

143. COLE, K.S., and HODGKIN, A.L., J. Gen. Physiol. 22: 671, 1939 

144. KATZ, B., Proc. Roy. Soc. B 135: 506, 1948 

145. WEIDMANN, S., J. Physiol. 118: 348, 1952 

146. GEREN, B. B., and SCHMITT, F.O., Proc. Nat. Acad. Sci., Wash. 40: 863, 1954 

147. ROBERTSON, J. D., J. Biophys. Biochem. Cytol. 3: 1043, 1957 

148. COWAN, S.L., Proc. Roy Soc. B 115: 216, 1934 

149. SHANES, A.H., and HOPKINS, H.S., J. Neurophysiol. 11: 331, 1948 

150. HUXLEY, A. F., and STAMPFLI, R., J. Physiol. 112: 496, 1951 

151. HASHIMURA, S., and WRIGHT, E. B., J. Neurophysiol. 21: 24, 1958 

152. FALK, G., and GERARD, R. W., J. Cell. Comp. Physiol. 43: 393, 1954 

153. GRUNDFEST, H., Colloquium on Electrochemistry in Biology and Medicine, 1955 

154. STEPHENSON, W.K., J. Cell. Comp. Physiol. 50: 105, 1957 

155. HODGKIN, A.L., J. Physiol. 106: 319, 1947 

156. HODGKIN, A. L., and HUXLEY, A.F., J. Physiol. 106: 341, 1947 

. HODGKIN, A. L., and HUXLEY, A. F., J. Physiol. 121: 403, 1953 


THE ELECTRICAL ACTIVITY OF THE GIANT AXON OF 
THE EARTHWORM IN THE SUPERCOOLED STATE * 


B. N. VEPRINTSEV 


Biological Soil Science Faculty, Department of Biophysics, Moscow State University 


(Received 26 January 1959) 


Ir is generally believed that the existence of life is limited to the temperature range 
—2 to +70° [1], but some biological processes may occur at significantly lower 
temperatures [2]. In particular myelinated frog nerves retain their ability to conduct 
stimuli in the supercooled state, at — 6° [3, 4], and there are reports that conduction 
in the frog nerve is possible at still lower temperatures [5]. The conduction of stimuli 
in the squid axon can be observed at — 1’, and possibly at even lower temperatures [6]. 
In a study of the kinetics of excitation processes in the giant axon of the earthworm, 
Lumbricus terrestris, at temperatures below 0°, we found that stimuli were still con- 
ducted at — 6°5°. The experiments were carried out from October to the end of 
December, 1958. The worms were collected in September and kept in boxes containing 
earth at 15°. The giant axons of the earthworm are situated on the dorsal part of the 
abdominal nerve chain. One of them, having a diameter of 80 yu, lies in the centre, 
and two axons, each 40 to 70 u in diameter connected together by protoplasmic bridges, 


* Biofizika 4: No. 4, 401-403, 1959. 


: 
A 
arn 
= 
3 
> 
Con 


20 B. N. VEPRINTSEV 


are situated on each side. Notwithstanding the segmentation of the axons, the action 
potentials recorded from them do not differ substantially from the action potentials 
of the nerve fibres of other species. To keep the damage during preparation to a mi- 
nimum the axons were not separated from the nerve chain. The recording of the action 
potentials was carried out in a thermostatic chamber filled with Ringer’s solution. 
The silver electrodes, which were immersed in the solution, were insulated by two trans- 
verse pieces of transparent plastic, the nerve chains being passed through openings 
in the plastic. The space between the plastic and nerve was filled with a mixture of 
soft paraffin and liquid paraffin. The potentials were fed to a pre-amplifier with 


Fic. 1. Oscillograms of the action potential of the giant axon of the earthworm 
(a) —at +17-6°, time interval 0-2 msec and (b) — at — 6-5°, time interval 2 msec. 


capacity coupling and then to the input of a ENO-1 oscillograph. Stimulation was 
effected by pulses from a square-wave generator. Constancy of temperature was 
achieved by passing liquid from the thermostat between the double walls of the chamber. 
The ultrathermostat of Vobzer enabled the temperature of the chamber to be kept 
at +40° to — 10°, +0-1. During the experiments temperature reductions down to 
— 9° were obtained without freezing the Ringer’s solution. When thermal equilibrium 
between the Ringer’s solution and the thermostat liquid surrounding the chamber 
had been established the temperature was measured with a thermistor arranged in 
the water-jacket of the chamber: the accuracy of this measurement was not less than 
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0-1°. Rapid changes in the temperature of the nerve were recorded by a thermocouple 
connected to a low-inertia galvanometer. The thermocouple was placed directly at 
the nerve chain and it enabled temperatures to be measured with a precision of 0-3°. 

The nerve fibres were found to be in the supercooled state when the temperature 
was reduced below —0-7°, which corresponds to the freezing point depression of 
the coelomic fluid of the earthworm. In axons taken from different worms, and in 
different axons from the same worm, conduction was blocked at different temperatures. 
The onset of blocking was indicated by the disappearance of the action potential. 
When the axon had not been damaged during preparation, the conduction was observed, 
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Fic. 2. Graph of temperature dependence: 1 — speed of conduction; 2 — amplitude 
of action potential; 3 — duration of rising phase; 4 — duration of falling phase. 
The full lines have been drawn through experimental points. The broken lines are 


in accordance with equations based on experimental results for the range 0° to +-20°. 


in most experiments, down to 3-5°. At — 5° conduction was not blocked in about 
half the axons examined; in one instance conduction was observed at a temperature 
below — 6°5° (Fig. 1). Action potentials, slightly distorted in shape, were recorded 
at this temperature for 10 min; previously this particular axon had been working for 
30 min at a temperature not exceeding — 4°. In this case the stimulation was effected 
with a frequency of about 0-1 c/s. Irreversible blocking of conduction set in between 
—6-5° and — 8°. When the action potential of the sciatic nerve of the frog, Rana 
temporaria, was re-orded under similar conditions, the blocking of conduction along 
the nerve occurred at —4-5°. It should be mentioned that the ability to conduct at 
temperatures below 0° is seasonal in nature; according to our measurements, in the 
same species of frog conduction of excitation was blocked at 2° above zero in May. 

The temperature dependence of various parameters of the action potential over 
a wide range of temperature is shown on Fig. 2. From the graph it can be seen that 
the nature of the dependence changed before the onset of blocking. The greatest 
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change occurred in the duration of the action potential especially of the rising phase; 
this evidently reflects the rate of ionic displacement with time. Changes in the velocity 
and amplitude began to occur only just before blocking set in. This kind of dependence 
may indicate that in the supercooled state the axons were structurally intact and there 
were no changes in such physico-chemical characteristics as viscosity and electrical 
conductivity. The blocking which set in as a result of temperature reduction was 
reversible down to — 3°, but at lower temperature it usually became irreversible. 
When the axon was kept at the blocking temperature for a few minutes the chances 
of irreversibility greatly increased. Restoration of conduction after blocking never 
occurred at the onset temperature but always at a temperature a few degrees higher. 
After recovery from blocking, the functional state of the fibre was always irreversibly 
impaired. 

The high resistance of the giant axons of the earthworm not only to large reductions 
but also to sharp changes in temperature was indicated by the absence of temperature 
shock when the temperature of the nerve was subjected to sharp rises or falls at the 
rate of 0-3° per sec over the range +20° to 0°; these changes produced no disturbances 
in the functional state of the axons except for a slight increase in the threshold. All 
the action-potential parameters —the speed of conduction, amplitude, duration 
of rise and fall phases — changed in the same way as they did for slow changes in 
temperature at the rate of 1° per 1-3 min. 

Translated by E. Hayes 
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THE ACTION OF LIGHT ON THE ELECTRICAL ACTIVITY 
OF THE GIANT AXON OF THE SQUID AND ON THE 
MYELINATED FIBRE OF THE FROG* 


R. G. LruDKOvSsKAIA and L. P. KAIUSHIN 


Institute of Biological Physics, Academy of Sciences of the the U.S.S.R., Moscow 
(Received 25 November 1958) 


NERVOUS tissue exhibits no specific light absorption, and so under ordinary conditions 
visible light has no effect on excitation processes in the nerve fibre of the frog. However, 
by the use of fluorescent dyes it is possible to sensitize the nerve to light; these dyes 
form complexes, mainly with the cell proteins, and through the intermediary of these 
complexes the micellar structures of the nerve can be subjected to the action of light. 


The process known as “the photodynamic action of light” is observed on the dyed 
nerve; it consists of a photochemical process which occurs in the presence of oxygen 
and is associated with redox reactions. The mechanism of the action of light on the 
nerve structures is represented by the following scheme. A charged particle of the 
fluorescent dye is absorbed on the protein or protein-lipid micelle forming a complex; 
under the influence of light the fluorescent dye passes into the excited state and com- 
municates this state to the substrate; the final process occurs between the excited particle 


of the substrate and oxygen. 

By the use of dyes with different properties and charges, it is possible to bring 
about their sorption on either the protein of the surface or the axoplasmic micellar 
complexes, and in this way cause light to act selectively on these structures of the nerve 
fibre. 

Fluorescent dyes, including acid-eosin, are mainly adsorbed on the cell surface. 
Acid-eosin has a negative charge and strong photodynamic activity. Methylene blue 
has opposite properties: this dye penetrates the cell without damaging the wall and 
stains the protoplasm. Therefore, with eosin the action of light should mainly affect 
the surface structure, but with methylene blue the action must be expected on the main 
mass of axoplasm. 

If certain surface and axoplasm structures of the nerve fibre were subjected to loca- 
lized disturbances, the effects produced might show the relation of these disturbances 
to, and their significance for, the generation of action potentials. With this object 
we studied the effect of visible light on the action potential of single axons stained 
with different dyes. 

The break-up of the protein complexes is the final result of the photodynamic 
action of light, which is accompanied by loss of nerve excitation. However, if very 
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dilute dye solutions are used, the final phase of the structural change may be delayed 
and it is possible to observe those initial changes in the excitation processes and in 
conduction; they are associated with the selective action of light on the structural- 
chemical complexes of the nerve. 

The work reported here was carried out on the giant axon of the squid, Ommatostre- 
phes sloanei-pacificus —a species encountered in the Sea of Japan (Peter the Great 
Bay) and on single myelinated fibres of the frog (R. temporaria and R. ridibunda). 


METHOD 


Giant axons of the squid were carefully isolated from the stellate nerve over a 
distance of 3 to 4 cm. For average-sized specimens of the species Ommatostrephes 
sloanei-pacificus, the thickness of the axons was 200 to 400 mu. 

Preparation. After the squid had been decapitated, a longitudinal incision was 
made along the centre line of the abdominal part of the mantle. The mantle was opened 
and the entrails were removed. A pair of nerve trunks arising from the stellate ganglia 
pass along the internal surface of the mantle. The ends of these were bound and the 
nerves prepared. The stellate nerve from the ganglion consists of a large number of 
thin fibres; two or three giant axons pass through the mass of these, one of which — 
the thickest — extends along the whole of its length. The other thick axons pass on 
into the upper part of the nerve. The preparation of each single axon was carried 
out under the microscope or under a binocular magnifier with a magnification of 
25 to 30x. In reflected light, among a mass of fibres that scatter light well, the giant 
axon appeared as a dark, optically empty tube with a thin shining envelope. The pre- 
paration was kept moist with sea-water and carried out on ice with needles having 
both pointed and cutting edges. The prepared axon was placed in a compartmentalized 
wet chamber with a glass bottom, and a closed light-tight cover. A solution of the 
dye in sea-water was introduced into one of the compartments of the chamber; after 
some time in the dark a small section (8 to 10 mm) became stained. The other com- 
partments were filled with sea-water. Platinum electrodes for stimulating the axon 
and recording the action potentials were placed in contact with these solutions with- 
out directly touching the axon. Visible light from an 8 V, 20 W tungsten lamp 
passed through a heat filter and the glass bottom of the chamber and was focussed 
on the stained part of the fibre. 

The action potential of the axon was amplified by a d.c. pre-amplifier with a high- 
resistance (100 MQ) input or by a UIPP-2 amplifier and it was then fed to ENO-1 
oscillograph and finally photographed from the screen. Monophasic and biphasic 
recordings of action potentials were used. In the monophasic recording in most cases 
the axon became depolarized under the right electrode; the active part of the fibre 
which had been dyed and subjected to the action of light was under the left electrode. 
During the whole experiment the axon was stimulated by square-wave current pulses 
with a frequency of 1-30 c/s. With external recording in a chamber with a bridge, 
the value of the monophasic action potential of the giant axon reached 60 to 65 mV. 
Eosin was used in concentrations of 0-1-0001°/) and methylene blue in concentrations 
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of 0-5-0-0019/5. All the solutions used in experiments with giant axons were diluted 
with sea-water; in the experiments with myelinated fibres, Ringer’s solution was used. 
The dye solutions were freshly prepared on the day of the experiment. The experimental 
routine was as follows. An axon was kept in the chamber for about 30 min., the dyes 
was introduced into one of the compartments and the dark effect on the action potential 
was observed. The light was then. switched on and all phases of the change in the 
current were photographed. During the whole experiment on the nerve, tetanic stimu- 
lation was supplied by square-wave current pulses of a definite frequency. 


EXPERIMENTAL RESULTS 


“Dark effect” of eosin. The “dark effect” of eosin was mainly on the amplitude 
of the action potential of the axon (Fig. 1, 2). The amplitude changed in different 


Fic. 1. Changes in the action potential of the giant axon of the squid stained with 

eosin (0-019/o) on illumination. Distance between marks on oscillograms — 0-2 msec. 

Monophasic recording. / —action potential of axon without eosin; 2 — dark ef- 

fect eosin; 3, 4, 5, 6 —illumination of axon; 6 — gradual formation of long-lasting 

action potential with plateau at the end of the process (upper curve). Recorded with 
long exposure. 


ways according to the dye concentration: after even 2 or 3 min a 0-1/9 solution of 
eosin produced a slight decrease in the magnitude of the spike, and this was sometimes 
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followed by a slight increase in its duration. At these concentrations the dye showed 
slight toxic effects. Lower concentrations of eosin (0-05 to 0-019/)) produced an increase 
in the spike amplitude, but there was no change in its duration. Still lower concen- 
trations produced a biphasic dark effect. 

During the first few minutes of the dye’s action, the amplitude of the action potential 
increased, but this was then followed by a phase in which it decreased. In all con- 
centrations examined in the dark, eosin mainly affected the amplitude of the action 
potential and only at comparatively high concentrations (0-19/) did it slightly increase 
the duration of the spike. 

The action of light on the axon stained with eosin. When the axon stained with 
eosin was irradiated by visible light, marked changes in the amplitude and duration 
of the action potential set in. Irradiation of the unstained axon did not affect the 
electrical activity, although in this case a slight rise of temperature occurred in the 
irradiated area. 

With low concentrations of eosin, the amplitude of the action potential increased 
(Fig. 1, 3), sometimes more than two-fold. As we have pointed out above, this effect 
also occurred in the dark; under the influence of light the increase persisted for some 
time. The increase in the amplitude then came to an end and the next phase (the increase 
in the duration of the action potential) commenced (Fig. 1, 4). The normal spike of 
the giant axon lasts about | msec., but under the action of light its duration was 
extended ten-fold (Fig. 1, 5, 6). Changes in the duration of the action potential mainly 
affected the descending part of the plateau formed by inhibition of the recovery phase 
(Fig. 1, 6); the rising phase of the spike did not change. In this way, by means of the 
combined action of eosin and light it was possible to influence separately different 
characteristics of the action potential. Thus an increase in the amplitude of the action 
potential occurred over a period of time with no increase in its duration, and con- 
versely, in the subsequent stages the duration of the action potential could be increased 
without a change in amplitude. This suggests that changes in amplitude and in duration 
are relatively independent of one another. 

The gradual retardation in the descending phase for the spike of the irradiated 
axon occurred over a few minutes and resulted in a potential with a plateau which 
lasted for tens of milliseconds (Fig. 1, 6). When the light was switched off the long- 
lasting potential persisted, but its further development was somewhat retarded. We 
did not succeed in observing the reverse effect. In these cases the long-lasting potential 
remained steady for several tens of minutes. 

At the commencement of the action of light on the sensitized nerve, short reductions 
in the stimulation threshold were observed, but it then returned to the initial value 
and did not change for tens of minutes. The development of the long-lasting potential 
in the axon was not accompanied by an increase in the threshold. t The excitation 
threshold began to increase only in the final stage of the action of light and ended 
in the loss of excitation. 

The effect of light on the action potential became evident after an interval of time 
which varied with a number of factors. These included: the preceding dark action 
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of eosin; the concentration of the dye used; individual sensitivity; stimulation frequency ; 
and intensity of the incident light. With the same irradiation conditions, stimulation 
frequencies, and dark periods, a definite dependence between the latent period and 
the dye concentration was observed. Average eosin concentrations of about 0-019/, 
showed the greatest and most rapid effects. In these cases the action of light on the 
potential developed over periods of from 1-2 to 15-30 sec. With lower and higher 
concentrations this development period increased; with a concentration of 0-0002- 
0-0019/p, it reached 3-4 min. and with a concentration of 0-19/) 3-10 min. The dark 
action of eosin showed no similar concentration dependence. 


Fic. 2. Development of periodic changes in the action potential of the giant axon 

stained with eosin (0-03°/9) illuminated by visible light. Distance between marks 

on oscillograms — 0:2 msec. Monophasic recording. / —control without dye; 

2, 3 —action of light (after 2 and 3 min.); 4, 5, 6 — periodic initiation and deve- 
lopment of long-lasting potential. 


One special feature characteristic of the development of the long-lasting potential 
in the giant axon under the action of light should be mentioned. This is the periodicity 
of the process. When long exposures were made on the same photographs and there 
was prolonged after-luminescence, it was possible to follow all the phases of the 
development of the process over several seconds (Fig. 2). The descending phase of 
the potential became greatly extended, gradually formed a plateau and remained 
at this level for some time. (Fig. 2, 4). The action potential then disappeared, in spite 
of tetonic stimulation being continued for several seconds, and the fibre remained 
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unexcitable for several seconds. Nor did varying the stimulation strength produce 
a reaction. After a long refractory period of several seconds, which is unusual for 
a normal nerve process, an action potential appeared in which all the extension stages 
of the descending phase developed afresh (Fig. 2, 5, 6). 


Fic. 3. Formation of two-humped action potentials by illuminated giant axons. 
Concentration of eosin —0-059/9. Biphasic recording; distance between marks 
on oscillograms 0-2 msec. / — control without dye; 2 — initial phase of the action 
of light; 3, 4, 5 — development of second hump to spike on prolonged illumination 
of the axon; 6 — two-humped spike in second cycle; 7 — final stage of change in 
action potential with illumination (formation of single-phase action potential). 


The periodic process of change in the action potential under the influence of light 
is typical of the giant axon. Its development was particularly well marked and it 
occurred repeatedly with biphasic recording of the action current. This was obviously 
connected with a better functional state of the fibre, because with monophasic 
recording (chemical or mechanical) and the simultaneous action of dyes and light 
on the active part of the fibre, depolarization of part of the axon rapidly led to 
loss of excitability. 
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With biphasic recording, light produced curious changes in the spike of the stained 
axon: action potentials with two peaks which were typical of these cases appeared. 
The amplitude of the second peak increased as the light continued to act, and it exceeded 
the spike amplitude, while at the same time the duration of this phase became pro- 
longed (Fig. 3, 2-5). At the point of maximal increase in the amplitude and duration, 
the action potential suddenly disappeared (with continuing strong stimulation at the 
same frequency) and it was absent for several seconds. The potential reappeared 
with a less pronounced second hump (Fig. 3, 6) which increased under the action of 
light up to a definite level and then disappeared again. The appearance and disap- 
pearance of the spike was repeated several times. In the subsequent cycles, the total 
amplitude of the spike decreased, the stimulation threshold increased and a single- 
phase action potential with a characteristic shape appeared (Fig. 3, 7). 


Fic. 4. Changes in the action potential of the giant axon of the squid under the 

simultaneous action of methylene blue (0-29/9) and light. Biphasic recording. Distance 

between marks on oscillograms 0-2 msec. 2 — control; /, 3 — change in the amplitude 

and rising phase; spike under action of light; ¢ — sharp fall in the spike amplitude 
on prolonged illumination. 


Effect of visible light on myelinated fibre stained with eosin. The prepared myelinated 
motor fibre 8-10 mu thick, was placed in a chamber of the same type, and the nodes 
of Ranvier (one or two) were subjected to the action of light and eosin. The specific 
effect of eosin on the recovery phase of the action potential, i.e. the development of 
a long-lasting potential in this fibre, was only observed when special conditions were 
maintained. 

Thus, the long-lasting potential in the myelinated fibre was observed when calcium 
ions were excluded from the solution surrounding the stained part of the fibre, or 
Ringer’s solution was replaced by isotonic solutions of some other salts (for example, 
sodium nitrate or sodium chloride) after the staining. Under these conditions a long- 
lasting potential developed in the irradiated fibre with a typical plateau on the descen- 
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ding phase lasting 100 msec. or longer. This potential was relatively weak and was 
maintained for several tens of minutes. 

The rhythmical changes in the action potential which were characteristic of the 
irradiated axon of the squid were not present in the myelinated fibre. In these experi- 
ments, neither the excitation threshold nor the conductivity changed up to the onset 
of the final stage of the photodynamic action of light. 

Action of light on the giant axon stained with methylene blue. When the axon stained 
with methylene blue was irradiated, the amplitude of the spike, its shape, and the 
excitation threshold (Fig. 4) all changed. An increase in the spike amplitude was 
observed in the first few minu es after the light had been switched on and this was 
not accompanied by a change in the stimulation threshold (concentration of methylene 
blue 0-1—-0-0019/o). After 10-15 min. of irradiation, the excitability of the axon began 
to decrease, the threshold increased and the spike amplitude decreased. Changes 
in the rising phase preceded the fall in the spike amplitude. The pre-spike potential 
became extended, its amplitude increased and a break was observed in the rising phase 
(Fig. 4, 2, 3). (Preceding an abrupt decrease in the amplitude (Fig. 4, 4).) No extension 
in the duration of the descending phase of the action potential could be detected when 
methylene blue was used. Light was found to have two effects: at first it increased 
the intensity of the excitation process, this was followed by disturbances in, and retar- 
dation of, the beginning of the excitation process (depolarization effect), which retarded 
the generation of the spike as a whole. At the same time, reductions occurred in the 
excitability and conduction of the fibre. 

With large concentrations of methylene blue (0-01—0-1°/9), the changes in the thre- 
shold, amplitude and shape of the spike under the action of light set in simultaneously. 
It was often possible to observe a considerable rise in the spike amplitude with a simul- 
taneous rise in the threshold, but in these cases the increase in the spike amplitude 
was of short duration and it was followed by a fall, with characteristic changes in its 
rising phase. 

DISCUSSION 

Light had a specific effect on the action potential of the axon according to the dye 
which had been used to sensitize the nerve. When eosin was used, there were grounds 
for associating the changes in the descending (recovery) phase of the spike with the 
action of light on the enzyme systems of the fibre situated on the surface. Microscopic 
observation of the stained fibre showed that eosin was adsorbed on its surface to form 
a complex with protein-in all probability with enzyme systems. Staining of the axoplasm 
occurred only in association with degradative changes in the wall and was accompanied 
by loss of excitability. There are substantial grounds for this hypothesis, as it has 
been shown that ATPase, cholinesterase and co-carboxylase are located in the wall 
of the giant axon [1-3]. From this it may be supposed that the long-lasting potential 
and the blocking of the recovery processes set in as a result of the selective action of 
light on the complex formed by the dye with the enzymes located on the surface. The 
importance of enzymic processes on the surface structures for the recovery phase 
of the biopotential has thus been established. 
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Oxidation and reduction reactions which are essential for reversible enzyme 
processes also occur at the surface of the living cell. When light acts on a sensitized 
excitable nerve, the rate of absorption of oxygen increases [4]. Precise measurements 
on denatured and excitable nerve tissue have shown that the increase in the absorption 
of oxygen in the presence of light cannot be explained simply by the photo-oxidation 
of proteins but is associated with an increase in the normal respiration of the material 
itself. This reaches a maximum in the first few minutes of irradiation. Prolonged 
irradiation leads to disturbances in normal oxidation-reduction processes and after 
30-40 min. the absorption of oxygen falls to a level characteristic of denatured tissues. 
Here it is connected with the ordinary photo-oxidation of proteins. The growth in 
the spike amplitude which we observed both in the dark and under the action of light 
can also be associated with the acceleration of enzyme reactions. Thus it has been 
shown that some dyes act catalytically on the absorption of oxygen by living cells [5] 
and ganglionic nerve cells [4] in the dark and the absorption of oxygen is still greater 
with illumination. A change in the rate of redox reactions can therefore determine 
the duration of the descending phase and the size of the action potential. 


The long-lasting potential observed under the simultaneous action of eosin and 
light is also reproduced on other tissues by various means. Long-lasting potentials 
have been obtained on the giant axon of the squid and on crustacean muscle fibres 
by the action of tetraethylammoniumchloride [6, 7]; on the nodes of the myelinated 
fibres by the action of dehydrating agents [8], by the action of cobalt ions [8] and 
so on. However, in these cases it is more difficult to relate it to definite links in the 
metabolic chain. It has been shown that the blocking action of heavy metals is connected 
with SH-groups, which confirms the significance of enzyme processes for the beginning 
of the nerve impulse. 

When the axon is dyed with methylene blue, both the wall and the axoplasm are 
unifo-mly stained; however, the dye is partly reduced to the leuco form inside the 
axon. In such cases light also acts on the main mass of axoplasm, particularly on its 
protein complexes. The changes in the action potential are then more general than 
when eosin is used; the main conditions for spike initiation are destroyed, the pre-spike 
potential greatly increases, the amplitude of the action potential decreases, and the 
stimulation threshold increases. 


SUMMARY 


(1) The effect of visible light on the action potential of the giant axon of the squid 
and the myelinated fibre of the frog stained with eosin has been studied. 

(2) The action of light led in the first phase to an increase in the amplitude of the 
action potential. Eosin was absorbed on the protein compounds of the surface, in ail 
probability by enzymes, and under the action of light this led to the acceleration of 
some enzyme reactions that are accompanied by an increase in the absorption of 
oxygen. The amplitude of the action potential also increased in the dark. 

(3) In the second phase of the simultaneous action of eosin and light, the increase 
in the amplitude ceased and gave way to a significant increase in the duration of the 
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descending phase of the spike. The long-lasting potential extended to 100 msec. and 
was characterized by retardation of the recovery phase. 

(4) The action of light on the giant axon stained with eosin produced periodic 
changes on the action potential. 

(5) Methylene blue was adsorbed on the surface and stained the axoplasm. The 
action of light in this case was two-fold. Only the amplitude of the action current 
increased in the first few minutes; in the following stages the stimulation threshold 
increased, the shape of the rising phase changed and the spike amplitude fell. We 
suggest that the first phase was connected with the acceleration of surface enzyme 
reactions and the second with the effects on the protein structures of the whole axoplasm 
mass, which has a material effect on the source of initiation of the action potential. 


Translated by E. Hayes 
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SOURCE OF THE PULSES RECORDED FROM THE INNER 
LAYERS OF THE FROG RETINA * 


A. L. Byzov 
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(Received 3 January 1959) 


ON advancing a micro-electrode into the frog retina it is possible in some cases to pick 
up from certain of its layers pulses characteristic of extracellular recording. Such 
pulses have been recorded, for example, using metal micro-electrodes of about 1 u 
in diameter by Ottoson and Svaetichin [1]. On the basis of the fact that the pulses 
were recorded in the bipolar nuclear, the authors concluded that they have their source 
in the bipolar cells. Similar pulses in the bipolar layer have been repeatedly observed 
in our experiments [2]. However, a number of their features and also certain theore- 
tical considerations indicate that they arise not in the bipolars but on some other 
nerve cells. The present work was undertaken to clarify the source of these pulses. 


* Biofizika 4: No. 4, 414-421, 1959. 
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METHODS 

An isolated frog eye preparation (Rana ridibunda) together with the dissected 
optic nerve was placed in a humid chamber. After removal of the anterior media 
of the eye a micro-electrode was inserted into the retina via the vitreous body by means 
of a micro-manipulator. The second electrode was applied to the sclera. The diameter 
of the micro-electrodes (glass micro-pipette filled with 3 M KCl) ranged from 0:5 to 
1-5 uw in the various experiments and their resistances from 5 to 30 MQ. The electrodes 
were connected to the input of the cathode follower described previously [3]. When 
the resistance of the micro-electrode was 20 MQ the time constant of the input was 
60 msec enabling the pulses to be recorded without any serious distortions of magni- 
tude or shape. The grid current of the cathode follower tube was not more than 
2x10~12 A. The output of the cathode follower was connected to a two-stage d.c. 
amplifier and then to a ENO-1 oscillograph with its own d.c. amplifier. The band 
pass of the entire amplifying system without any appreciable reduction in amplitude 
was from 0 to 6 ke/s. The inclusion of filter capacitances made it possible to cut the 
low frequencies to the necessary limit. 

Pulses were recorded from the inner layers of the retina in a total of about 40 expe- 
riments. 


RESULTS 


1. Characteristics of the pulses recorded from the inner layers of the retina 


The appearance of pulses in response to light stimulation was usually observed 
at a depth of 60-90 u from the vitreous body*. An example is given in Fig. 1. The 
pulses arising in response to turning off the light are of biphasic form and superim- 
posed on the usual electroretinogram. With further advance of the micro-electrode 
the amplitude of the pulses increased, reaching in some instances 3-4 mV. This rise 
in amplitude occurred to a depth of 120-140 uw after which the pulses suddenly dis- 
appeared. This was usually preceded by a sharp rise in the noise level and by the ap- 
parance of slow, spasmodic vibrations of irregular form. In many cases spontaneous 
epulsation was observed. The disappearance of the pulses was often accompanied 
by a sharp negative jump in potential and in some cases it was possible to pick up 
monophasic positive pulses of rapidly diminishing amplitude. The phenomena des- 
cribed correspond apparently to the act of pressing the micro-electrode onto the cell 
generating the pulse and to the piercing of the cell leading to its death. 

It is important to note that the pulses from within the retina were not recorded 
in all the experiments. They were observed in about 30-40 per cent of the total number 
of preparations and in each preparation it was generally necessary to insert the micro- 
electrode several times before they could be recorded. In almost all the experiments 
the amplitude of the pulses in discharge was approximately uniform? and we were 


* The moment of contact of the tip of the micro-electrode with the surface of the retina was deter- 
mined both optically and from the negative jump of potential on the screen [4]. 

+ The slight scatter of the amplitude was partially due to superimposing the pulses on noise. 
Another reason for the different magnitudes of the pulses is discussed below. 
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thus dealing with the reaction of single cells. In rare instances the reaction was appa- 
rently recorded simultaneously from two cells, for occasionally the pulses were arran- 
ged, as it were, on two storeys (Fig. 4). 

By the nature of the discharge, the pulses described were similar to the reaction 
of the single ganglion cells of the frog retina. In addition to these latter [5-7], there 
were cells with ‘‘on’’, ‘off’? and ‘on-off’ responses. Cells were repeatedly encoun- 
tered giving in the dark spotaneous pulsation which was inhibited by light. 


Fic. |. Example of pulses recorded by oscillograph from inner layers of retina. 
a— depth of advance of micro-electrode 85 u; b — 120 u; c —as in 5, but, as in 
all other figures, after inclusion of filter capacitance cutting out the slow vibrations. 
Arrows pointing downwards and upwards in this and subsequent figures indicate 
the time of switch off and on of light. 


The depth at which the pulses were recorded corresponded to the outer zone of 
the inner retinal layer and bipolar nuclear layer. It is therefore natural to assume, 
as did Ottoson and Svaetichin, that their source is in the bipolars. However, if this 
is accepted it is still incomprehensible why they are recorded so rarely, although the 
micro-electrode in each excursion must surely pass in the immediate vicinity of several 
bipolar cells and frequently pierce them [4]. The “single nature’’ of the reaction which 
perists as the micro-electrode is lowered by 30-60 u indicates that the cells generating 
these impulses are comparatively far apart, whereas the bodies of the bipolars are 


densely packed. 

Moreover, there are certain indications that generally speaking it is exceedingly 
difficult to record pulses from the bipolars extracellularly. The point is that the total 
length of the bipolar cells (including both precesses) is not large — about 100 nu. We do 
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not know at present how excitation comes about in such short neurones and whether 
there is any transmission of pulses at all. However, if we assume that the processes 
of the bipolars conduct pulses as do other unmyelinated nerve fibres, then the time of 
propagation of the pulse from one end of the the cell to the other will be about 100 u 
sec*. Since the rising edge of the action potential (recorded intracellularly) may take 
much longer [9] the difference in potential between the opposite ends of the cell during 
the entire cycle of excitation remains very small (Fig. 2 (b)) and it is precisely this 


Fic. 2. Scheme illustrating the causes of the difficulty in recording large extracellular pulses from cells 
with short axons. a — distribution of currents in the cell and in the extracellular medium on excitation 
(depolarization) of the lower end of the cell; the cell and processes depicted schematically. The degree 
of depolarization is denoted by the density of shading. V,—2 the difference in potential between the 
opposite ends of the cells, determining the strength of the extracellular current and consequently the 
magnitude of the pulse recorded extracellularly. b — in the short neurones the wave of depolarization 
at point 2 (V2) lags only slightly behind that at point 1 (V;) as a result of which the potential difference 
between the opposite ends of the cell (V;—2) remains small throughout the entire period of excitation. 
On increasing the length of the cell the maximal V,~—2 as in c rises until the time of propagation of the 
pulse from one end of the cell to the other as in d exceeds the time taken by leading edge of the pulse. 


difference in potential, as shown in (Fig. 2(a)), that determines the strength of current 
in the external medium, producing over its resistance a drop in voltage, which is re- 
corded in the form of an extracellular impulse. It is understandable that with an in- 
crease in the overall length of the cell, depolarization of its proximal end will more 
and more lag behind the depolarization of the distal end (by the time of conduction 
of the impulse along the fibre) as a result of which the difference in potential between 
the opposite ends of the cell and consequently the extracellular current will rise (Fig. 2(c)) 
and the extracellular pulse be correspondingly heightened. It is clear from Fig. 2 (d) 
that this relationship only holds good when the time of conduction of the pulse along 
the process is less than the time taken by the rising edge of the pulse. 


* If the diameter of the process be taken as | u, which according to Pumphrey and Young [8] 
corresponds to the speed of propagation of impulses of about 1 m/sec. 

Tt Tomita and Funaishi [10] have pointed to the small size of the zone of bipolar cells as a possible 
cause of the absence of extracellular pulses in the bipolar layer. 
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Thus, other things being equal, the neurones with short processes must give extra- 
cellular pulses of much smaller amplitude than those with long processes. In our 
experiments the amplitude of the impulses reached very large values—2-4 mV. 
This fact suggests that the source of these pulses was the neurones with long axons. 
Histologically such neurones of this type are known in the form of the so-called 
Dogiel’s cells [11] — ganglion cells which have shifted to the bipolar layer. Most 
often they are found in birds but Dogiel himself found them in a number of other 
vertebrates and, in particular, in amphibia. According to Polyak [12] they are also 
encountered in primates. As with the normal ganglion cells the dendrites of the Dogiel’s 
cells are branched in the inner layer of the retina (forming synapses with the bipolars) 
and their axons pass into the optic nerve [11, 12]. This latter circumstance makes 
possible by antidromic stimulation experimental verification of the validity of the 
assumption that the source of the pulses is in the Dogiel’s cells. 

If recordable pulses arise in the Dogiel’s cells then on electrical stimulation of the 
optic nerve the antidromic pulse should reach as far as the body of these cells and 
we should be able to record it with a microelectrode. If the source of the pulse were 
in the bipolars an antidromic pulse could not be recorded since to travel to the bipolars 
it would have to pass across the synapse (between bipolar and ganglion cell) in a direction 
the reverse of its natural path: bilateral conductivity at synapses is at present unknown. 


2. Experiments with antidromic stimulation 


The optic nerve was stimulated electrically by means of a pulse generator built 
into the circuit of an ENQ-1 oscillograph. 


Fic. 3. Reaction of Dogiel’s cell to light and antidromic stimulation. Depth of 

advance of micro-electrode 125 u. a — pulses in response to light stimulation recorded 

with slow scanning of the beam; 6 — the same with rapid scanning; c — artefact 

produced by stimulating pulse of subthreshold strength; d— strength of stimulus 

increased as a result of which an antidromic pulse appeared. In tracings c and d 
there is a tenfold superimposition of curves one on another. 
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The pulses which could be adjusted in height and frequency were delivered to the 
stimulating electrodes through a capacitance of 150-500 uuF. As the pulses were 
supplied by the generator at a definite time after the start of scanning, repeated super- 
imposition of curves was obtained on the oscillograph screen which facilitated photo- 
recording. 


Fic. 4. Reaction of Dogiel’s cells to light and antidromic stimulation. Micro-electrode 

at depth of 100 » records pulses from two cells simultaneously — large pulse for 

“off”? and small for “on” a — response to light stimulation at low speed of beam; 

b—same for high speed of beam; c—e strength of antidromic stimulation 

gradually increased; c — subthreshold; d— large pulse appeared; e — appearance 
also of small pulse. 


Fig. 3 demonstrates the results of one of the experiments of this series. In Fig. 3 
(a) a record is shown of the pulses picked up by the micro-electrodes at a depth of 
125 w in response to turning on the light, Fig. 3 (b) gives the record of these same pulses 
at a high speed of the oscillograph beam. During the period of exposure the beam 
had time to travel along the screen several times as a result of which the pulses were 
mounted in disorderly fashion one on the other; the biphasic form is well visible however, 
the first phase being positive and the second negative. Fig. 3 (c) reproduces the same 
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position of the micro-electrodes for the artefact produced by electrical stimulation 
of the optic nerve when the strength of the current was still below but almost at the 
threshold. A small increase in the strength of stimulus led abruptly by the “all or 
nothing” law to the appearance of an antidromic pulse (Fig. 3 (d)). In its size and 
shape it is clear that it was similar to the pulses arising on light stimulation, i.e. 
a reaction of the same nerve cell. The slight negative deviation to be seen in the figure 
preceding the positive phase of the impulse was only observed in a few cases. It is 
possible that it was connected with the activity of other cells further away from the 
tip of the micro-electrode. 

A similar recording is presented in Fig. 4 illustrating the comparatively rare case 
when the microelectrode gave a good recording of the simultaneous response of two 
cells: the large pulses arose on turning off the light and the small ones were generated 
by the response of another cell to turning on the light (Fig. 4 (a)). The pulses of both 
cells are well visible at highspeed scanning (Fig. 4 (6)). On antidromic stimulation 
the threshold for both cells differed, only the large pulse being seen in Fig. 4 (d) while 
in Fig. 4 (e) a second small pulse appeared with a considerably longer latent period 
than the first when the strength of stimulus was increased. This discrepancy in length 
of latent periods is probably associated with the different thicknesses of the fibres 
and consequently with the different speed of conduction along the nerve. 


It must be said that in some experiments where it was possible to record pulses 
in response to light, an antidromic pulse was not observed. However, the specific 
reasons for this could be established in the greater part of the experiments, e.g. damage 
to the optic nerve on dissection. In other cases, the strength of the stimulus was inade- 
quate: an increase in the filter capacitance in the stimulation circuit (increase in the 
duration of stimulating pulse) led to the appearance of an antidromic pulse. On the 
other hand, antidromic pulses were never recorded in the absence of orthodromic 
ones*. The change in height of the orthodromic pulses (as the micro-electrode was 
advanced) was always accompanied by the same changes in the antidromic pulses 
and with the disappearance of the former the latter also disappeared. All these facts 
indicate that both on light and electrical stimulation we are dealing with the response 
of one and the same cell and that the axon of this cell passes into the optic nerve. 


Certain observations on the antidromic pulses not directly connected with the 
purpose of the present study are of interest. The first concerns the variation in the 
amplitude of the antidromic pulses with the frequency of stimulation. In certain cells, 
with increase in the frequency of electrical shocks, the height of the pulses remained 
almost unchanged showing only an increase in latent period and at a definite “critical” 
frequency they disappeared altogether. In other cells and perhaps in other functional 
states of the same cells, together with an increase in the latent period, a decrease in 
the amplitude of the pulses was observed. Fig. 5 (a) shows an antidromic pulse at 
a frequency of stimulation of I c/s. At a frequency of 3 c/s the amplitude was noticeably 


* If we ignore the small variations in potential [e.g. in Fig. 3 (c)] possibly connected with the coinci- 
dent response of all the optic nerve fibres on stimulation. 
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smaller (Fig. 5 (6)) and the reduction in amplitude was even more marked for a further 
increase in frequency. In the oscillogram of Fig. 5 (c) (the same cell 5 min after 5 (b)) 
the frequency of stimulation was initially 10 c/s and then steadily increased to 70-80 c/s. 
It is clear that a decline occurred in the amplitude of the pulses and that they were, 
so to speak, shifted to the right, i.e. their latent period increased. Apparently the 
specific form of discharge often observed both in the Dogiel’s cells (Figs. 1, 3 and 4) 


Fic. 5. Influence of frequency of stimulation of optic nerve on the amplitude and 
latent period of antidromic pulses. a — frequency of stimulation 1 c/s; b —3 c/s; 
c — initial frequency of 10 c/s steadily increased to 70-80 c/s. A fall in the amplitude 
and increase in latent period (shift to the right of the impulses) are visible. Between 
recordings b and c 5 min elapsed during which time the frequency of stimulation 
was 10-15 c/s. 


and in the normal ganglion cells of the retina on light stimulation can be explained 
on the basis of the dependence of the amplitude of the pulses on their frequency: the 
first pulse here is large; there then follows a certain decrease in the amplitude (as 
a result of the large initial frequency of the discharge) with subsequent recovery (as the 
frequency falls). 

The second observation is on the interaction of the antidromic and orthodromic 
stimulations. For example, when rhythmical electrical shocks were delivered to the 
optic nerve simultaneously with light stimulation at a much longer interval then each 
light stimulus, e.g. turning off the light for cells with an “off” response, was accompanied 
by a decrease in and sometimes omission of one or more of the antidromic pulses 
following it. In other cases the latent period of the antidromic pulse varied with the 


light stimulations. 
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DISCUSSION 

Electrical stimulation of the optic nerve confirmed -our assumption that the source 

of the pulses recorded from the bipolar layer is not the bipolars themselves but is 

in the neurones with long axons passing into the optic nerve. Such neurones are the 
Dogiel’s cells. 

The following objection may be raised to this interpretation of the results of 
antidromic stimulation. It is known that efferent fibres pass along the optic nerve 
ending in the retina [12, 13]. It is therefore possible that the pulses recorded from 
within the retina arising on stimulation of the optic nerve may reach the test cell not 
antidromically, but along the efferent fibres terminating (directly or through other 
neurones) in precisely those cells which produce pulses in response to light stimulation. 
However, such an explanation is improbable for the following reasons. 

In the retina of amphibia efferent fibres are in general rare and terminate almost 
exclusively in the amacrine cells [12, 13] which do not in the majority of cases have 
axons [12]. Such cells with short processes, as has already been stated, cannot be 
the source of large extracellular impulses. Furthermore, the recent experiments of 
Mitarai [14], with intracellular recording of the potential of the amacrine and horizontal 
cells of fish, show that in these cells there are apparently no pulses at all. They react 
to light stimulation only by a change in the level of polarization. The amacrine cells 
themselves can therefore probably be excluded as the source of the pulses recorded 
in our experiments. But there is still the possibility of synaptic transmission of excitation 
from the efferent fibres to the amacrine cells and thence by one or another path to 
the cells which are the source of the pulses. However, if this were the case the retar- 
dation at the synapses (at least two) would be high. In our experiments the latent 
period of the pulses recorded on stimulating the optic nerve corresponded approximately 
to the time of conduction along the nerve*. 

The question naturally arises as to why the antidromic pulses were recorded in 
the present work from the Dogiel’s cells and not the ganglion cells as the only apparent 
difference be ween them is that the former have moved to the bipolar layer. In this 
connexion it may be recalled that as a rule in our experiments pulses were not recorded 
from the layer of ganglion cells response to light stimulation. Only in two cases did 
we observe very small spikes scarcely above the level of noise. On the other hand, 
it is well known that it is easy to record pulses from the ganglion cells with a metal 
micro-electrode of 20-30 uw diameter applied to the surface of the frog retina. 

The resistance of metal micro-electrodes of 20-30 u diameter is comparatively 
small (about 0-5 MQ [17]) as a result of which the level of noise when in use does not 
exceed 8-30 uV, In the frog the pulses from the surface of the retina are 50-80 uV 
[6, 7] and are therefore easily distinguished above the noise. The resistance of the 
liquid micro-electrodes of 0-5-1-5u diameter was 5-10 MQ, which increased the level 
of noise, and the pulses from the ganglion cells became less noticeable. 


* We are here concerned with the unmyelinated part of the fibre, the conduction velocity along 
which is many times less than along the myelinated part: in the cat it varies from different groups of 
fibres from 1-6 to 3-5 m/sec [15, 16]. 
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An essential role here is played by a further factor. As we found in an earlier work 
[17], thick insulating walls of the micro-electrode are a necessary prerequisite for suc- 
cessful recording of the pulses from the surface of the frog retina. The role of such 
walls is not only in insulating the metal from the surrounding fluid in the form of the 
vitreous humour, but in forcing back this fluid which otherwise acts as a shunt at 
the site of recording. In other words, repulsion of the fluid (the conductivity of which 
is much higher than that of nerve tissues) leads to an increased resistance through 
which the extracellular.current of the given ganglion cells produces a drop in voltage — 
pulse recorded extracellularly. 

With use of microelectrodes of ~ 1 pw diameter such repulsion of the shunting 
fluid does not occur. The resistance of the layer of tissue between the ganglion cell 
and the surface of the retina (when the micro-electrode is in the immediate vicinity 
of the ganglion cell) is apparently not sufficient to ensure formation of a perceptible 
difference in potential. The correctness of these postulates was verified by us experimen- 
tally. It was found that if the micro-electrode were lowered into the retina not directly 
but through an empty glass cone with thick walls and a flat section flush with the 
surface of the retina, the pulses of the ganglion cells were easily visible and exceeded 
the level of noise 1-5-2 times. 

The conditions for recording in the case of Dogiel’s cells are different. As measu- 
rements have shown [4] the resistance of the intercellular medium in the bipolar layer 
is much greater than in the layer of ganglion cells. In addition, the layer of nerve 
tissue between the test cell and vitreous body is thicker, and the extracellular current 
of the Dogiel’s cells therefore, runs through a considerably greater resistance producing 
a larger drop in voltage. The amplitude of the extracellular pulse is thereby strongly 
increased, reaching several millivolts. 


SUMMARY 


In some cases it was possible to record extracellular pulses from the bipolar layer, 
arising in response to light stimulation and reaching 2-4 mV in amplitude, with use 
of liquid micro-electrodes of 0-5-1-5 u diameter. The relative rarity of recording of 
such pulses and also the fact that usually the reaction of a single cell was recorded 
suggested that the bipolars were not the source of these pulses. This was also indicated 
by certain theoretical considerations from which it follows that the neurones with 
long axons must be the source of such pulses. A comparative examination of these 
results and the histological picture led to the assumption that these neurones may 
in fact have been the so-called Digiel’s cells — ganglion cells which have moved to 
the bipolar layer and which possess an axon passing into sections of the optic nerve. 
The experiments in which we employed electrical stimulation of the optic nerve and 
recorded the antidromic pulses by means of a micro-electrode confirmed this supposition. 
The causes of the much greater amplitude of the extracellular pulses of the Dogiel’s 
cells as compared with those of normal ganglion cells are discussed, 

The author expresses his sincere gratitude to M. M. Bongard and M. S. Smirnov 
for their advice throughout the present work. 


Translated by A, Crozy 
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POTENTIALS OF THE EYEBALL ON 
THE ELECTROENCEPHALOGRAM* 
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Institute of Neurology, Academy of Medical Sciences of the U.S.S.R. 
(Received 11 January 1958) 


It is now generally recognized that the corneo-retinal potential originates as a result 
of metabolic, biochemical processes in the retina of the eye. Around the negatively- 
charged retina, a force field is formed, the axis of which coincides with the optical 
axis of the eye. On turning the eyeballs, deviation of the axis of the field occurs with 
resulting redistribution of the potential difference of the surrounding tissues. The 
variations in potential developed as a result of turning the eyeballs differ from those 
produced by illuminating the eyes for which an electroretinogram is given reflecting 
the excitation of the retina in response to optical stimulation. The wide use of electro- 
retinography in physiology and clinical practics is well known. 

Study of the corneo-retinal potential is, however, of special importance, for the 
latter is the source of “physiological artefacts”. It is sometimes difficult to distinguish 
on the electroencephalogram (e.e.g.) between the potentials connected with turning 
the eyeballs and the sharp and slow waves of cerebral origin. 


* Biofizika 4: No. 4, 423-426, 1959. 
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The electrophysiologist desirous of grasping the nature of the origin and significance 
of this type of electrical activity is in a difficult position since this problem, though 
not new [1-3], has still not received due attention in the Russian literature on electro- 
physiology. 

We examined 17 persons (4 normal subjects and 13 with organic brain lesions). 
We applied, as did Jung, four electrodes to record the potentials of the eye: two to 
the superciliary arches over the eyes and two to the external angle of the eyes — the 
bony protruberances of the orbit. The electrodes were of the normal, round type made 
of chemically-pure tin and of 5 mm diameter. The potentials were recorded from 
the eye by means of a six-channel amplifier and loop oscillograph simultaneously 
with recording of the potential of the brain from the surface of the head. 


Fic. 1. Subject T. Simultaneous recording of potentials from ortital region and 
from surface of the skull (monopolar recording). The “active’’ electrode was situated, 
from top to bottom: in the left occipital region; right occipital region; left central 
region; over the left eye; over the right eye. For the last two leads single biphasic 
optic potentials are visible. They are scarcely recorded at all in the 
electroencephalogram. 


In normal subjects the variations in optic potential recorded by the electrodes 
situated over the superciliary arches above the eyes were usually of biphasic form. 
The first phase was positive, sharp and short (corresponding to the rapid upward 
movement of the eyeballs) and the second phase negative, blunt and protracted 
(corresponding to the slower, downward movement of the eyeballs). The total duration 
of such a single biphasic potential varied from 150 to 500 msec in normal subjects. 
The total amplitude of the potential varied from 40 to 230 nV, the amplitude of the 
first often being greater that that of the second phase. Sometimes the potentials of 
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the eye were multiphasic even in normal subjects. This indicates that the movements 
of the eyeballs in these cases were of a more complex and even disorderly nature and 
not confined to a single upward and downward turn along the vertical axis. The 
potentials of the eye may arise both in the dark and the light with the eyes closed or 
open. 

If the normal subjects were given no special instructions, no optic potentials were 
recorded since, in the conditions of rest, chance turning of the eyeballs was not present. 
In such a subject the potentials could be recorded if he were instructed to turn his 
eyeballs to the right, left, upwards, downwards and so on. 


Fic. 2. Same subject T as in Fig. 1. Simultaneous recording of the potentials from 
orbital region and from the surface of the skull (monopolar recording). The “active” 
electrode was situated, from top to bottom: in left frontal region; in right frontal 
region; over the left eye; over right eye; somewhat to the left of the left eye; somewhat 
to the right of the right eye. It is clear that the optic potentials were well transmitted 
to the electroencephalogram of the frontal region, although this was not so for the 
e.e.g. of the central and occipital regions — see Fig. 1. 


On simultaneous recording of the e.e.g. and of the potentials from the orbital 
region, we were able to satisfy ourselves, as other workers have already emphasized, 
that the normal potentials of the eyes were most often conveyed to the e.e.g. recorded 
from the frontal region, less often from the central and temporal and still less frequently 
from the parietal and occipital regions of the brain (Figs. | and 2). 

The optic potentials appearing in the e.e.g. always had an amplitude less than that 
for the same potentials recorded from the orbital region. The amplitude of the potentials 
of the eyes on the e.e.g. varied for normal subjects from 20-100 nV, being one-tenth 
to one-half the value which the same potentials had directly around the eyeball. 
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The form of the potentials of the eyes on the e.e.g. was also different from the record 
from the orbital region. On recording from the surface of the head, optic potentials 
often exhibited only the first phase and the sharpness of the vibrations started to level 
out. In some cases the optic potentials even in normal conditions appeared on the 
e.e.g. only in the form of a quite shapeless displacement of the base line. ’ 


On study of the potentials of the eyes in pathological conditions a noteworthy 
feature was that in some patients single optic potentials were recorded, even from 
the region of the orbits, less often than in normal subjects and in this latter case had 
a somewhat smaller (not more than 150 uV) amplitude and were poorly or not at all 
transmitted to the e.e.g. 


/ sec 


Fic. 3. Patient Zh. (inflammation of the diencephalon). Simultaneous recording of the potentials from 
the orbital region and from the surface of the skull (monopolar recording). The “active’’ electrode 
arranged, from top to bottom: over left eye; over right eye; left frontal region; right frontal region. 
The continuous black line at the top; light stimulation. It can be seen how the optic potentials increase 
in amplitude under the influence of light and as it were adopt the rhythm of the light flashes. 


On the other hand, in some patients single optic potentials from the orbital region 
were recorded in large number and their amplitude sometimes exceeded 200 uV. 
Extensive transmission of these potentials to the e.e.g. was sometimes observed. It is 
interesting to note that in pathological conditions there were instances of the optic 
potentials being better marked on the e.e.g. of the occipital region than of the frontal 
region. The transmission of the potentials of the eyes to the e.e.g. is of special interest 
in the origin of nystagmus. 


For example, in patient Zh., aged 25 years, with a diagnosis of inflammation of 
the diencephalon, despite the extremely severe clinical symptomatology the disturbances 
in the electrical activity of the brain were quite weakly marked. Special interest was 
aroused in this case, however, by the appearance of a large number of optic potentials 
(1, 2 and 3 per sec) with the eyes open. Flashes of light caused these irregular potentials 
to become rhythmical with a frequency of 4/sec, in response to each switch on 
and off of the light. We thus observed in this patient a specifically-marked phenomenon 
of adoption of the rhythm of stimulation in the form of conversion of the irregular 
nystagmoid impulses into rhythmical nystagmus of the optic-kinetic type (Fig. 3). 

The potentials reflecting this nystagmus were choked not only from the region 
of the orbit, but also all the cerebral regions, including the occipital, and also on 
recording from the base. In some variants of the recording these potentials lost their 
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characteristic form and could then be easily confused with the cerebral 6-rhythms. 
They disappeared completely on bipolar recording from two symetrically-situated 
points apparently because of the equipotential of these points in the field. 

We thus found in this patient a high amplitude of the potential of the retina and 
a widespread electrical field of this potential along the entire cortex and to the base 
of the brain, reflected on the e.e.g. in the heavy preponderance of optic potentials. 

Statistically our observations are still inadequate and we lay no claim to an 
exhaustive study of the complex problem of the interrelations of the electrical activities 
of the brain and eye. We can only tentatively suggest that the differences detected in 
the frequency of appearance, amplitude, and form of the optic potentials in the normal 
subject from pathological conditions may be caused, on the one hand, by the very 
nature of the movements of the eyeballs in certain diseases of the nervous system. 
On the other hand, apparently the functional state of the tissues determining the size 
of the potential of the retina and the configuration of the field of force around the 
axis of the eye is changed in pathological conditions. 

Study of the specific features of the origin and e.e.g. recording of the potentials 
of the eye in patients with various cerebral lesions may therefore be of use in clinical 
practice. 


Translated by A. Crozy 
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COLORIMETRIC STUDY OF VISION 
IN THE DRAGON-FLY* 


ELECTROPHYSIOLOGICAL INVESTIGATION 


G. A. MAZOKIN-PORSHNIAKOV 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 10 July 1958) 
INTRODUCTION 
THE key problem in the study of colour vision in animals is knowledge of the number 
and properties of the independent light-sensitive receptors of the retina. If the retina 
contains only one type of independent receptor then the system of vision is mono- 
chromatic or incapable of distinguishing colours. The presence in the retina of two 
or more types of receptors makes colour vision possible. However, knowledge of the 


* Biofizika 4: No. 4, 427-436, 1959. 
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number of receptors is still not sufficient grounds on which to judge the properties 
of the colour vision of the eye. The spectral sensitivity of these receptors must still 
be determined. 
The fullest information on colour vision in man has been obtained on the basis 
of colorimetric experiments. Colorimetry is based on matching the various radiations 
so that it is impossible to distinguish them visually, the object of the study being to 
discover the physical characteristics of the radiations which excite the eye equally. 
The data of colorimetric experiments — energies and spectral compositions of visually- 
indistinguishable radiations — give a direct and objective characterization of the 
function of the light receptors. It is on this basis that colorimetry, amply considered 
and substantiated in the papers of Niubyerg [l, 2] and Smirnov and Bongard [3], 
is undoubtedly superior to other methods of investigation of colour vision. 


The value of the method of colorimetry, in conjunction with electrophysiological 
recordings of the excitation of the eye, in the determination of the colour vision of 
animals was first demonstrated by Bongard [4] who determined the curves of spectral 
sensitivity of the two receptors in the frog. 

Different methods have been employed to investigate colour vision in insects, 
e.g. the visibility curves (curves of spectral efficacy) have been determined for the 
grasshopper Melanoplus [5], the beetle Dytiscus [6], flies [7-9] and other species from 
the equal height of the electrical responses of the eye (e.r.g.) to various spectral 
radiations. Walther and Dodt [10] and Walther [11] combined this method with the 
procedure of colour fatigue of the eye and sought to estimate the number of independent 
light receptors in certain insects. According to this author, flies (Calliphora) have 
three receptors and the cockroach (Periplaneta) two. 

Autrum and Stumpf [12] and Stumpf [13] used the method of “heterochromic 
flashes” in investigating the colour vision of insects (Calliphora) combining it with 
electroretinographic recording of the excitation of the eye. In the method of Autrum 
the energies of two spectral radiations 4; and A) were so chosen that their “on” effects 
were of equal height. The equal height on the e.r.g. was taken as the criterion of 
the equality of the intensity of the radiations A; and A. The insect eye was then 
illuminated with these radiations alternately without breaks. The ability of the insect 
to distinguish between the radiations selected was estimated from the appearance 
and height of the A;/A2 potential (from the e.r.g. on changing these radiations).* 
Autrum, in using this method, did not determine the curves of spectral sensitivity of 
the receptors of the eye, providing we disregard the single receptor found by him from 
the curve of visibility for the colour-blind mutant “white apricot” Calliphora [8). 
Nevertheless, he writes about colours which can or cannot be distinguished by Calliphora 


* However, the assumptions that (1) the identity of the “on” effect is an indication of equal 
intensity of the radiations and (2) the production of a 4;/A2 potential with flashing of “equally intense” 
radiations are connected solely with the differences in 4 are not entirely warranted: the additive factor 
of heterochromic intensities was not demonstrated without which comparison of the various radiations 
in terms of intensity is meaningless. 
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and of the presence in the eye of this fly of two receptors with maxima of sensitivity 
at 520 and 630 mu. 

These results have shown the limited possibilities of the methods considered in the 
study of the properties of certain light receptors working simultaneously. Namely, 
the laws of interaction of the individual receptors (summation of their sensitivity) 
are still not known and we cannot therefore estimate the degree of excitation of the 
individual receptors from the curve of visibility, nor from the “equal intensity” of 
various radiations. In colorimetric investigations the eye it is necessary to assess the 
radiations not by any individual criterion, e.g..intensity, but by the full correspondence 
of criteria (equality of excitations). Such experiments allow one to investigate all the 
receptors working simultaneously and the results obtained give a direct indication 
of those radiations the eye can distinguish and those it cannot. 

The curves of spectral sensitivity of the receptors are even unknown in the bee, 
the colour vision of which has been the most fully studied in the experiments of Daumer 
[14] by the method of adaptation to various spectral hues and mixtures of them. The 
method of Daumer is similar to the colorimetric one although in the majority of his 
tests he used a two stage comparison of the radiations: initially of intensity and then 
of complete visual indistinguishability. Therefore, we see that the experiments of 
Daumer [14], as with those of Autrum and Stumpf [12], are of interest, from the 
standpoint of colorimetry, only on the basis of the results obtained in the tests for 
complete indistinguishability of the radiations, although the authors themselves 
underestimated them. 

The colorimetric method, from the results of which laws of optical combination 
of colours for man and some vertebrates have been formulated [4], has not been used 
consistently in investigating the properties of colour vision in insects. It was, therefore. 
of great interest to us to study the dragon-fly Libellula quadrimaculata and its larvae 
by the colorimetric method since in the literature we have been unable to find any 
information whatsoever on whether or not this species possesses colour vision. 


METHODS 


The experiments were made with use of the substitution colorimeter proposed 
by Bongard [4] and Bongard and Smirnov [15] and modified by us for the purpose 
of investigating the colour vision of insects. The colorimeter was designed on the basis 
of the UM-2 universal monochromator converted into a colorimeter with three entrance 
slits and fitted at the exit with a shutter for rapid substitution of one radiation by 
another, or by a mixture of radiations (dependent on the number of unoccluded entrance 
slits). 

The condenser [Fig. 1 (A) 2] of the monochromator produces an image of the wide 
filament of the cinema-projector lamp [1] in the plane of the entrance slits B. The 
objective 3 collects the light passing through the slits and directs it to prism 4 and 
a similar objective 3 focuses the image of the entrance slits in the plane of the exit 
slit 8 where lens 9 is located, collecting the rays within a spherical mixing chamber /3. 
The light repeatedly reflected from the walls of the chamber, whitened with MgO, 
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emerges from the sight hole into the insect eye. The position and width of the two 
upper entrance slits (Fig. 1 (B) /0) are fixed. This ensures the constancy of the relative 
spectral composition of both rays penetrating the upper slits which are the primary 
radiations of the colorimeter. The lower slit /2 is adjustable and may be moved in 
the horizontal direction at right angles to the optical axis of the device. With movement 
and change in the width of the lower slit (from 0-25 to 2 mm) the wavelength is altered, 
as is the amount of light emerging from the colorimeter. The amount of light penetrating 


Fic. 1. Diagram of substitution colorimeter. A — general arrangement of colorimeter (top view): 
B— entrance slits; C — shutter; D — mixing chamber and optical system with mercury lamp (side 
view); / — incandescent lamp; 2 — condenser; 3 — objective; 4 — prism; 5 — frame of monochro- 
mator; 6 — springs of shutter; 7 — slides of shutter; 8 — exit slit; 9—Jlens; /0 — upper entrance 
slits; 11 —slide of slits; 72 — adjustable entrance slit; 7/3 — mixing chamber; /4 — light filters; 
15 — diaphragm; /6 — mercury lamp; /7 — upper aperture of mixing chamber; /8 — mirror; 1/9 — 
shutter; 20 — photocell; 2/ —side aperture of mixing chamber; 22 — stops. 


the upper (basic) slits is regulated by slides 1/7. Between the exit slit (2 mm wide) and 
the mixing chamber a mechanical shutter is located consisting of two slides 7, set in 
motion by springs 6 (Fig. 1 (C)). The shutter moves along the horizontal at right 
angles to the optical axis of the apparatus; in the terminal positions it is held by stops 22. 
The shutter makes possible rapid (~ 1/300 sec) replacement of one radiation by another: 
the radiations emerge through both halves of the exit slit of the monochromator and so 
one flux passing through the basic and adjustable slits of the colorimeter may be replaced 
by another. 
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Independent of the monochromator, ultra-violet rays enter the mixing chamber 
from a SVDSH-250 super-high-pressure mercury lamp, /6. For this purpose there 
is an aperture in the upper part of the sphere (Fig. 1 (D) 17) through which the beam 
of light from the mercury lamp, collected by lens 2, is reflected by mirror /8. The 
upper entrance aperture of sphere /7 is closed by shutter /9 the movements of which 
are synchronized by means of levers with the movements of the main shutter of the 
colorimeter. The iris diaphragm /5 and light filters /4 are in the path of the rays from 
the mercury lamp to the sphere. The diaphragm helps to regulate the amount of light 


Fic. 2. Head of adult dragon-fly (front view). Arrows indicate sites of insertion 
of intraocular electrode. 


and the combinations of Schott light filters — UG-1, UG-2 and BG-23 — allow passage 
into the mixing chambers of only the ultra-violet rays with A principally at 365 mu. 

The intensity of the individual radiations exciting the eye of the test insect was 
measured separately by a calibrated silver sulphide FESS-U2 photocell 20 arranged 
against the lower aperture of the sphere. The current was measured with a mirror 
galvanometer with a full scale deflexion of 3-0x10°9 A. The mixing chamber was 
so designed that only scattered light and not the direct rays of the lamps of both optical 
systems fell on both the eye of the insect and the photocell. 

Thus, the colorimeter allowed matching of any mixture of three primary radiations 
(of which one was ultra-violet) with any monochromatic light within the wavelength 
range = 380-720 mu. 

The monochromator lamp (400 W, 30 V) was supplied with stabilized current. 
Adequate stabilization of the gas discharge of the mercury lamp was achieved by 
incorporating a selenium rectifier in its circuit and also a choke and a 300 uF con- 
denser. This circuit levelled out the variations in current (50 c/s) and the eye of the 
dragon-fly did not react to the constant illumination by the mercury lamp with a sinu- 
soidal electrical response, as in the case of an alternating current. 

The reaction of the insect eye to light was recorded electrophysiologically on the 
retinogram. The action currents were picked up by needle platinum electrodes. The 
inert electrode was inserted in the thoracic region and the active one (intraocular), 
which had a tip of diameter about 50 y, in the ommatidia at a depth of 0-2 mm (Fig. 2). 
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The variations in potential were amplified by a four-stage low frequency amplifier 
with bandwidths of 1 c/s and recorded by a dual procedure: by the deviation of the 
arrow of the galvanometer and by means of an oscillascope. The maximal electrical 
response of the eye varied with the intensity of the stimulating light from 250 uV 
to 1-2 mV. 

Before the experiment the insect was anaesthetized by injection of 0-05 ml of 10°/g 
urethane solution. The insect was then secured to a small table in the dark screened 
chamber and the electrodes inserted. The intraocular electrode was introduced in 
the lateral section of the eye in the dragon-fly larvae and alternately in the upper and 
lower parts of the faceted eye of the imago with corresponding illumination of these 
parts. In the wall of the chamber a window was formed against the insect eye coinciding 
with the sight hole of the mixing chamber. 


Determination of colour combination curves 


The colorimetric method of investigating colour vision is based on the principle 
of zero setting, i.e. matching radiations of different spectral composition to complete 
visual indistinguishability. Accordingly, our experiments consisted in selecting a single 
primary radiation and if necessary a mixture of several radiations of such an intensity 
that the insect eye could not distinguish them from a definite monochromatic radiation. 
We took as the indication of complete indistinguishability of the radiations under 
comparison the absence of change in the retinogram in response to replacement of 
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Fic. 3. Curves of spectral sensitivity of receptors of the compound eye of imago 
(average findings for seven specimens). /— “violet” receptor of upper part of eye; 
2 — “green” receptor of lower part of eye; 3 — “red” receptor of lower part of eye. 


Ordinates — relative sensitivity. 


illumination of the eye with the primary radiation by the test radiation and vice versa, 
i.e. movement of the colorimeter shutter to the left and right. We took the absence 
of an electrical response of the eye as the criterion of the accuracy of adjustment of 
the apparatus and the reliability of the experiments. The experiments were conducted 
only on specimens with high contrast sensitivity, when the insect eye reacted with 
a distinct electrical response to the replacement of radiations of uniform spectral 
composition, but differing in energy by 5-10 per cent. 
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We first determined the limits of the visible spectrum of the insect (from the “on” 
and “off” responses to the given radiation) and of those regions of the spectrum, 
in which it was possible to obtain one-dimensional colour equalities, i.e. to equalize 
two spectral radiations for the eye by matching their intensities. The primary radiations 
of the apparatus were chosen within the limits of these one-dimensional spectral 
regions. 


The main experiments consisted in matching radiations which the eye could not 
distinguish (spectral radiations from mixtures of primary ones) and measuring the 
energy of each. Such measurements were made for various positions of the adjustable 
slit of the colorimeter, i.e. for the various points on the spectrum but for the same 
primary colours. 


In the experiments it was found that by illuminating the lower half of the eye and 
recording its action currents, all the spectral radiations could be equalized for the 
dragon-fly with mixtures of only two primary radiations, e.g. 405-433 and 655-680 mu. 
For the upper half of the eye of the imago and the whole eye of the larva, all the 
spectral radiations could be matched with one primary. 


For the imago the primary radiations of 405-433 or 365 my were chosen and 
480-500 or 365 mu for the larva. The electrode was inserted in the upper part of the 
eye of the imago and correspondingly only this part of the eye was illuminated. Over 
eighty equalities were obtained and measured on seven specimens of imago and over 
twenty equalities on two specimens of larva. 


It was possible to calculate from the measurements the so-called colour combination 
curves for the insect eye, i.e. the functions a, (A) and ap (A) relative to the primary 
radiations A; and A> (Fig. 3). The combination curves were computed from the 
formulae: 


a, (A) = (A) and ap (A) = (A) 


where £; is the relative energy of the primary radiation A,, E> is the relative energy 
of the primary radiation Az and E (A) the relative energy of the measured radiation A. 
The relative energy of each radiation E could be determined from the relationship: 


E = «(A/S (a) 


where « is the galvanometer reading on illumination of the photocell with the radiation 
(A) and S (A) the sensitivity of the photocell to this radiation. These formulae enable 
one to reduce the functions a, (A) and a> (A) to a spectrum of equal energy. In plotting 
the combination curves the maximal value of a (A) for each curve was taken as unity. 
The scatter of experimental points amounted for the majority of the equalities to about 
10 per cent of the measured value and in exceptional cases to about 40 per cent. The 
scatter of the results was usually less in repeat measurements on the same specimen 
than between specimens. 
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DISCUSSION OF RESULTS 

The colour combination curves are the characteristic of the visual organ of any 
organism since the presence or absence and properties of the colour vision can be 
estimated from them and also the number and properties of the light receptors of 
the eye. 

It is clear from our experiments that the properties of vision of the upper and lower 
halves of the faceted eye of the adult dragon-fly varied as was to be expected from the 
histological differences in the eye. The colour of the upper half is brown and the diameter 
of its facets about 1-5 times greater than in the lower half which is yellowish green 
with a higher angular density of the ommatidia. 

The vision of the upper (brown) part of the eye is one-dimensional and, not having 
colour vision, is capable of discriminating colour only by its intensity. The sole 
combination curve, the form of which does not depend on the primary radiation 
selected, is a curve of spectral sensitivity of the light receptors of this part of the eye. 
Its maximum sensitivity is at about 420 my (Fig. 3). This “violet” receptor has a high 
sensitivity to ultra-violet and low sensitivity to green and yellow. It is not excited 
at all by red radiations. 

The lower (yellowish green) half of the eye of the adult dragon-fly has colour vision. 
It is dichromatic, i.e. any colour may be obtained by a mixture of not more than two 
other colours. The dichromatic portion of the spectrum for the lower half of the eye 
is not as wide as its entire visible spectrum and extends from about 490 to 660 mu. 
The presence of monochromatic portions at the ends of the visible spectrum for the 
dragon-fly is to be explained by the fact that here only one of the receptors works and 
the sensitivity of the second is close to zero. This is a natural consequence of the fact 
that the regions of sensitivity of the different receptors do not coincide. Since in our 
experiments the primary radiations were selected within the monochromatic (one- 
dimensional) regions of the spectrum, where only one receptor is at work, each of 
the two combination curves obtained is the spectral sensitivity curve of the corresponding 
receptor (Fig. 3). The long-wave “red” receptor is the more sensitive to the orange 
red light (maximum about 610 my) and in the short-wave region of the spectrum the 
sensitivity apparently does not extend beyond 490 mu. The second “green” receptor 
has a maximum at about 515 my and its sensitivity embraces a wider range of the 
spectrum — from the ultra-violet to long-wave red light. The sensitivity of the “green” 
receptor falls off more slowly towards the ultra-violet than towards orange. The diffe- 
rences in spectral sensitivity of the upper and lower halves of the eye (estimated from 
Purkinje’s shift or the selectivity of adaptation to the same rays) have been found by 
other workers for Notonects [16-18] and the cockroach Periplaneta [10, 11, 19]. 

It is usual to depict the three-dimensional colour diversity of the human eye in 
the form of a collection of three-dimensional vectors in “colour space”. For the two- 
dimensional vision of the lower half of the dragon-fly eye the colours which it can 
distinguish may be depicted in the form of vectors in one plane (Fig. 4 (a)). The 
excitation of the two receptors by a given radiation is plotted along the axes of co- 
ordinates. The point on the plane or the vector drawn to it characterizes the colour 


£3 
4 
4 
4 ; 
: 
: 
2 
‘A Ste 
4 
y 
: 
‘ 
| 
> 


54 G. A. MAZOKIN-PoRSHNIAKOV 


of this radiation. Consequently, on the axes of co-ordinates only those spectral colours 
are found which can be matched only by change in intensity and in the interval between 
them the radiations exciting both receptors are found (spectral radiations of 500-650 mu 
and mixed radiations not distinguishable from them). 
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Fic. 4. a—“colour space” of lower part of eye of dragon-fly; b— scheme for 
dragon-fly by analogy to colour triangle of man. Explanation in text. 


With use of the nominal terms “white” and “red” and so on, one may describe 
the colour vision of the dragon-fly as follows. Daylight or any radiation containing 
the entire spectrum for the dragon-fly excites both receptors of the eye. One of these 
radiations may be considered “white” and to it will correspond a certain vector located 
in the middle of the graph. For example, for radiation with a unitorm energy spectrum 
the vector of the “white” will lie at 45° to the axes. The “grey” colours will be depicted 
by a vector of the same direction but of shorter length. For man special purple colours 
exist outside the spectrum. But for the two-dimensional colour vision of the dragon 
fly no such colours similar to our purple exist outside the spectrum. Light composed 
of the rays from the opposite ends of the spectrum for a given energy ratio will always 
be indistinguishable from monochromatic radiation. This can be clearly seen in the 
graph in Fig. 4 (a). The sum of vectors corresponding to the rays from the ends of 
the spectrum will give a vector of intermediate direction and this vector or a continu- 
ation of it will intersect the curve plotted on the graph at a point corresponding to 
monochromatic radiation. 

If we plot on the graph the points of the spectral colours on a straight line inter- 
secting the axes then this straight line (Fig. 4 (b)) will be similar to the “colour triangle” 
in man, i.e. to a section through colour space. For the dragon-fly a mixture of any 
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two colours of corresponding intensity is indistinguishable from the intermediate 
colour (between the first two). Therefore, in the two-dimensional system of colour 
vision all the colours lie on one straight line and the colours of the monochromatic 
regions of the spectrum are at two points at opposite ends of this traight line. 
Thus the dragon-fly, a representative of one of the earliest orders of Insecta, 
possesses quite perfect colour vision and is capable of distinguishing different shades 
of green, yellow, orange and red and also of distinguishing these same shades from 
ultra-violet, violet, blue and far red. However, for certain definite energy ratios the 
monochromatic ultra-violet, violet and blue radiations may be indistinguishable by it. 
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Fic. 5. / —curve of spectral sensitivity of receptor of eye of larva; 2 — curve of 
spectral sensitivity of green receptor of imago. Ordinates — relative sensitivity. 


We would note that the inability of the insect to distinguish between certain experimenta 
spectral radiations does not necessarily imply that it is not able to distinguish between 
objects of this or that colour in nature. One of the reasons for this is the reflection 
by the colours of the objects in a wide spectral range. Therefore, only in exceptional 
cases does the dragon-fly confuse, for example, blue with violet. Perhaps it more often 
confuses the purple and grey colours (for man) with certain greens and yellows (for 
man). 

The vision of the dragon-fly larva is one-dimensional. Its eye possesses only one 
receptor, the spectral sensitivity of which almost coincides with that of the “green” 
receptor of the imago (Fig. 5). It embraces a very wide range of the spectrum from 
ultra-violet to far red with maximum sensitivity at about 515 mu. 

We would point out that the divergences in the form of the right half of the curve 
of the receptors of the imago and the larva did not exceed the limits of experimental 
error. On the other hand, the systematic divergence of the left half of both receptors 
was apparently significant. Such a divergence may be explained by the different 
pigmentation of the eyes of the larva and imago which in principal act only as light 
filters altering the spectral sensitivity of the eye in the presence of only one receptor. 

One can reason in like manner in relation to the differences in spectral sensitivity 
of the upper and lower halves of the eye of the dragon-fly imago. It might have been 


4 a 
= 
7 f 
O5 \ 
| 
4 
CA 
: 
. 


56 G. A. MAZOKIN-PORSHNIAKOV 


thought that by selection of a violet light filter (pigment) covering the “green” and 
“red” receptors, a different third receptor might be obtained similar to the “violet” 
receptor of the upper part of the eye. But from the visual standpoint the colour of 
the pigment of the upper part of the eye is diametrically opposed to the conception 
of what such a filter ought to be. It cannot be said whether this is the case in reality 
until we know the absorption curve of the brown pigment of the upper part of the eye. 

It is more likely that the brown, i.e. blue absorbing, colour of the pigment plays 
a role similar to the anti-halation layer of modern photographic films, i.e. impedes 
the entry of rays to the rhabdom through the barrier between adjacent ommatidia, 
thereby raising the contrast sensitivity of the eye. : 

In addition, there is quite a simple biological explanation of the differences in 
spectral s:nsitivity of the upper and lower halves of the dragon-fly eye. The dragon- 
fly feeds on small insects which it finds in the air. Because of the semi-spherical surface 
of each eye containing up to 20,000 ommatidia the dragon-fly can see simultaneously 
on almost every side and the victim it espies may be above, in front or underneath 
its head. When the victim is above the dragon-fly, it is seen as a dark spot against 
the bright blue of the sky and to perceive it in any detail with strong contrast and weak 
illumination from below (by reflection of the rays from the ground) is quite difficult, 
although it is quite easy to see the object as such, i.e. to distinguish its presence or 
absence in the field of vision [20]. Other things being equal, the object will be more 
readily noticed the higher the sensitivity of the eye to the background light and the 
upper half of the eye which is directed towards the sky possesses precisely this attri- 
bute —it is most sensitive to violet—-blue rays. It is quite a different matter when 
the victim is beneath the dragon-fly. An eye with colour vision and high resolving 
power will give more information on the object when the latter is against the relatively- 
dark and non-uniform background of the earth. The lower part of the dragon-fly 
eye directed forwards, sideways and downwards is vested with just these properties. 
When the victim is beneath the dragon-fly the hunter may detect it against the back- 
ground by its colour and observe it in greater detail due to the smaller size of the facets. 

The author wishes to express his gratitude to Doctor of Physical and Mathematical 
Sciences, N. D. Niubyerg and to M. M. Bongard and M. S. Smirnov for their valuable 
advice. 


SUMMARY 


The matching and measurement of the energy of spectral light with mixtures of 
radiations which could not be distinguished from them were carried out with use of 
a special substitution colorimeter. The extent to which the given radiations were 
indistinguishable by the dragon-fly L. quadrimaculata and its larva was judged by the 
absence of a response on the e.r.g. on rapid substitution of illumination of the eye 
by spectral radiation for a mixture of primary radiations and vice versa. The colour 
combination curves obtained in relation to the primary radiations selected enabled 
us to assess the number and properties of the independent light receptors of the eye 
of these insects. 
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The properties of vision of the upper and lower parts of the compound eye of the 
imago varied. The upper (brown) half has only one receptor (Fig. 3) and is devoid 
of colour vision. This receptor has high sensitivity to ultra-violet and violet rays 
(maximum at 420 my) and shows low sensitivity to green and yellow. The lower 
(yellowish green) half possesses dichromatic colour vision. The long-wave recepto1 
is the most sensitive to orange-red rays (maximum about 610 my) and the short- 
wave region of its spectral sensitivity does not go beyond 490 my. The sensitivity 
of the second receptor of the lower part of the eye (maximum at about 515 my) embraces 
a wide spectral range from ultra-violet to far red. An analysis is given of the colour- 
discriminating properties of the dragon-fly eye and the significance of the differences 
between the two halves. 

The vision of the dragon-fly larva was found to be one-dimensional. Its sole receptor 
is close to the “green” receptor of the imago (Fig. 5). 


Translated by A. Crozy 
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INVESTIGATION OF TRITIUM OXIDE METABOLISM 
IN ORGANISMS * 


K. M. BoGpANov, M. I. SHAL’NOv and Iu. M. SHTUKKENBYERG 


(Received 13 May 1958) 


Tue first experiments with tritium were undertaken for the purpose of establishing 
the toxic and lethal doses and investigating the permissible level. In 1950 Shtukkenbyerg 
investigated the metabolism of tritium oxide in mice with an acute administration 
by mouth. In these experiments the 24 hr water intake of the mice in the food and 
drink was fixed and the water excreted in the urine and faeces determined. Each day 
the 24 hr total and specific activity of the excreta were determined. 


109 Garg 


20 


Fic. 1. Specific activity of tritium in the water phase of the mouse organism on single 
administration of THO. Ordinates — log org. 


The water content of the excreta was vaporized and the vapour carried to an 
ionization chamber at atmospheric pressure and a temperature of 105-110°C. The 
ionization current produced by the $-emission of the tritium in the air-steam mixture 
was measured with a sensitive electrometer. In the experiments with measurement 
of samples of water of different volume and uniform specific activity it was demon- 
strated that the energy of formation of an ion pair in the water vapour differed little 
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from that of an ion pair in air and that for the {-particles of tritium it was 314-2 eV. 
In the measurements the mass of the water vapour was always much less than that 
of the air. It was established experimentally that the fall in specific activity in the 
urine followed an almost exponential curve with an effective half-life of 1-5-2-0 days 
increasing somewhat with passage of time (Fig. 1). 

The differential equation describing the exchange of tritium with the water phase 
of the organism was composed on the assumption that the specific activity of the urine 
was equal to that of the total water content of the body, i.e. uniform distribution of 
tritium oxide in the water phase of the body and the absence of biological selectivity 
for normal or super-heavy water (this has been confirmed for heavy water [I, 2]. 
The variation during 24 hr in the activity of the water content of the body is 


Gin Yin — Vex 
dt 


where q;, the specific activity of the daily intake of water, g,, the specific activity of 
the water excreted in 24 hr and v,, and v,, the corresponding volumes of water intake 
and excretion in 24 hr. 

If, in line with the findings in the literature, we consider that v,, ~ v;,, and assume 
the specific activity of the water content of the excreta equal to the specific activity 
of the water contained in all the organs and tissues, i.e. g,,. = q,,,.. and also substituting 
Jorg Yorg for Q,,¢ where v,,, the volume of water in the organism, we arrive at the 
following differential equation: 


dG org 


‘in 
(1) 
dt Vorg 
(a) For acute administration g,, = 0 and q,,, is equal to the average specific 
0 
activity of the water after introduction of the tritium oxide into the body. We then get 


dq,, Vin 
(2) 
dt 


org 

This equation applies if we ignore the mutual exchange of tritium between the water 

phase of the body and the structural elements of organs and tissues. The solution 
of equation (2) is given by 

Gorg Yorg., exp Vin t/ (3) 


with the elimination constant a = ¥,,/¥,,. and the effective half-life T = 0-693/a = 
0-693 v,,./Vi,. The theoretical value for the elimination constant a is 8 ml/18 ml = 
0-445 days-l for mice and the effective half-life T— 0-693/0-445 = 1-6 days. This 
value is in good agreement with the experimental findings for the effective half-life 
of excretion of tritium from the mouse organism which from Fig. | is equal to 1-7+ 
0-2 days. The effective half-life for man (body weight 70 kg, v,, = 2°51.) calculated 
from the expression is also in good agreement with the effective half-life determined 


by Hevesy (1934). 
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(b) With chronic administration and q,, = 0 the solution of equation (2) will have 
the following form 


at 


ore Yin ( l 


4 e 
0 


fore, 0. then Dore Jin 


In both cases for ¢--> oo equilibrium is achieved at which Jorg = in: 

The experiments with mice with acute administration of tritium oxide gave the 
following results: 

(1) Equalization of the activity in the water phase of the mouse organism was 
achieved during time t < 1 hr. 

(2) The experimental curve q(t) corresponded only to a first approximation to 
the theoretical curve (for small values of ¢ the excretion of tritium occurred more 
rapidly than with the constant a = y,,/v,,, and then subsequently more slowly). This 
divergence was due to the fact that exchange of tritium with the structural elements 
of the organs and tissues had been dirregarded. 

(3) Comparative experiments on animals (carried out by Shtukkenbyerg and 
Avrunina) in which the animals were irradiated with the y-rays of ®°Co in such a manner 
that the distribution of the tissue doses in depth and time was uniform both for the 
y-rays and the tritium $-rays made it possible (a) to infer that the biological effects 
were equal given equal tissue doses of the tritium and y-radiations; (b) to establish 
that the lethal dose of tritium was | wc/g animal weight; and (c) to calculate and 
recommend the permissible levels of tritium, viz. 1 we for the organism, 10° c/I 
in water and 10°8 c/l air. These levels were computed from the permissible activity 
entering the body daily obtained from equation (1) in equilibrium conditions, i.e. 
Yin = Fore OF Qin = Gorge Vins Where q,,, is the permissible level of tritium in the water 
content of the organism. 

For a fuller and deeper study of the dynamics of the exchange of tritium oxide 
with the water phase of the body and with the structural elements of the organs and 
tissues, the authors undertook mass tests on rats and rabbits with single administration 
of tritium oxide. For this purpose special methods were worked out for extracting 
the water from the organs and tissues by thermal drying in vacuo and for oxidizing 
the hydrogen content of the organic structures to give water. 

The water was extracted from the organs, tissues, and intact organism at a tem- 
perature of 60-80°C and a pressure of 1-5 mm Hg. The weighed samples of the rat 
organs were dried to constant weight for 2-5-4-0 hr and the water collected in special 
traps cooled by liquid nitrogen. 

In order to estimate the tritium in the dried residue it was necessary to oxidize 
the entire hydrogen content of the residue and to trap the water thus formed. The 
methods of moist combustion were unacceptable for this purpose owing to the inevitable 
dilution of activity as a result of a large amount of hydrogen in the dehydrating and 
oxidizing compounds. The methods of combustion of organic substances now in use 
[3-6] do not meet the need for rapid combustion of large amounts of dried residue. 
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For the analysis of large amounts of dried samples of organic substances we worked 
out a rapid method of retort combustion. In this method a weighed san{ple of organic 
matter was placed in a small, stainless steel retort with a long, narrow nozzle which 
was fitted in a quartz tube in an oven at 800-900°C. A stream of dry oxygen was then 
passed through the quartz tube and on heating the steel retort to the temperature of 
the oven thermal decomposition of the substance occurred (pyrolysis). In the retort 
pyrolysis occured at a high temperature and a pressure of 200-300 atm produced by 
the breakdown products emerging slowly through the long, narrow nozzle of the retort. 
The decomposition products were more reactive and therefore more readily oxidized. 
Emerging from the retort nozzle in the form of a narrow stream they were completely 
oxidized in the excess oxygen. The water vapour thus formed together with other 
substances was collected from the quartz tube into the liquid nitrogen-cooled trap. 
When combustion was complete the ice was liquefied and the activity of the water 
determined. 


t 


Fic. 2. Dynamics of metabolism of tritium in the body. 1 —curve of excretion 
of tritium oxide from body; 2 — curve of fall off in activity in water phase of body; 
3 — curve of incorporation of tritium into organic structures: (for rats weighing 
165 g, aged about 80 days). 


The rate of decomposition of the organic matter in the retort and consequently 
the rate of combustion could be regulated. Complete combustion of the dried residue 
of the organs weighing 2-3 g occured in 3-5 min. Special control experiments showed 
that the methods used allowed complete extraction of the water from the moist organs 
and tissues and complete oxidation to water of the hydrogen content of the structural 
elements. The losses in water and hydrogen did not exceed 5 per cent. 

On the basis of the measurements of the specific activity of the water content of 
the organism, the water obtained by combusting the organic structures and the water 
excreted, a study was made of the dynamics of tritium metabolism in the structural 
elements of the organs and tissues. The investigations showed that after subcutaneous 
injection, tritium oxide was found in the water phase of all the organs and tissues after 
a very short time. The specific activity of the water rose uniformly by outflow of activity 
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from the skin depot (at the site of injection) and reached equilibrium a few minutes 
after injection. The time taken to achieve maximum activity on subcutaneous injection 
of tritium was roughly uniform for warm-blooded animals and from our findings was 
30 min. Equilibrium was observed after 2-5—3-0 hr on single administration of tritiated 
water by the oral route. 

The maximal specific activity of the water after administration of tritium oxide 
expressed in uc/ml was 1-5 times higher than the ratio of the activity introduced 
to the weight of the animals (in uc/g weight) from which it follows that the organism 
contains 1/1:5 or 67 per cent water by weight. 

The drop in activity of the water in the organism after equilibrium was established 
reflected the exchange of water between the body and the surrounding medium effected 
through the lungs, gastro-intestinal tract and kidneys and also the exchange within 
the body between the water phase and the structural elements of the organs and 
tissues. 

Male rats (weight 165 g, age about 80 days) were observed for 36 days after sub- 
cutaneous injection of tritium oxide and it was seen that the activity of the water phase 
fell off according to a law described by the sum of the two exponentials with excretion 
constants of 0-2 and 0-05 day-l or effective half-lives of 2-5 and 12-5 days. The mathe- 
matical expression of this relationship has the form: 


0-693 0-693 


2.$ 12-5 i 
Yoreg 0-86 e 0-14 e - (4) 


where qg,,, and q,,, have the same significance as in equation (3). The fall off in activity 
of the tritium in the water phase of the rabbit organism from the observations made 
in the first 15 days after injection of THO occurred exponentially with an effective 
half-life of 5 days (Fig. 1). The second exponential component was not noticed owing 
to the briefness of the observations. 

The experiments fully confirmed the correctness of the assumption of equal specific 
activities of the water content of the organs and tissues, the water excreted and that 
exhaled. On this basis we worked out methods for determining the tritium content 
of the human body from the specific activity of the water, urine and blood. 

The results of the balance tests on rats are given in the form of three curves in 
Fig. 2 where curve (1), the fall off of specific activity in the body with passage of time 
(the curve for excretion of tritium from the body), was obtained by measuring the 
amounts of tritium excreted and retained by the body; curve (2) shows the reduction 
in the specific activity of the tritium in the water phase; and curve (3) the change in 
the mean specific activity of the water obtained by oxidizing the hydrogen content 
of the dried residue. Curve (3) was obtained from curves (1) and (2). Curves of the 
same type were obtained drectly for the change in specific activity of the individual 
organs and tissues. The curves determined experimentally for the muscles are given 


in Fig. 3. 
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Graphical analysis of the curves in Fig. 2 shows that the curves (1) and (2) represent 
the sum of the two exponentials with uniform excretion constants: 


9-693 0-693 
A, = —— = 0-28 day and A, = ——— = 0-055 day™. 
2-5 12°5 


Curve (3) being the difference of curves (1) and (2) is also described by two exponentials 
with the same values for A; and A>. The comparison of the values A; and A> with the 
water exchange constant for rats 


a= — , which was in the range 0-236 to 0-241 
org 

(rats aged about 90 days), showed that A; > a > A>. Hence, it follows that as a result 
of incorporation of tritium into the organic structures, the specific activity of the water 
in the organism and consequently the specific activity of the excreta is decreased more 
rapidly at first than with the constant a and then more slowly since the decrease in 
activity in this period is caused by the slower release of tritium from the structural 
elements. The experimental relationships obtained lend themselves to a clear theoretical 


interpretation. 
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Fic. 3. Course of variation in specific activity of tritium in water phase (1) and dried 
residue of organs and tissues (2) of rats on single subcutaneous injection of THO. 
Ordinates — log q. 


We can write the more general differential equation taking into account the exchange 
of tritium both with the water phase of the body and with its structural elements. 
Change in the activity of the tritium content of the water phase of the body and in 
the dried residue per unit time is expressed by the following differential equations: 
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0 0 


dt Gin Yin — Vin Ot Ques Gon (5) 
dO 0 


where 0Q,,.,/0t is the activity passing from the water to the organic structures per unit 
time and 0Q,,,./0t is the activity passing per unit time from the organic structures tit 
the water phase. 

Substituting in equations (5) and (6) Q,,, = org org and O, = g, v, where q, the 
mean specific activity of the dried residue and y, the weight of the dried residue and 
AlsO = Yorgs Yore ANd Qrore = Tsorg WE get the set of equations: 


0 0 
Yorg (Jin org) Or Gores 6 ot Ysorg 


qs or Ysorg h Or Gores (7) 


Vin Vs 


and b= 


org 


Vorg 


In order to obtain from equations (7) the functions q,,, and q, of f, it is necessary 
to combine the values describing the hydrogen exchange between the liquid phase 
of the body and the dried residue, i.e. the values 
99 sorg 


and with q,,. and q,. 


Because the concentration of tritium in the body is much smaller than that of 
hydrogen and also because all the physical processes occur at rates proportional to 
the concentration it may be considered that the metabolism of tritium in the body 
occurs by a reaction of the first order and it may be assumed that 


orgs k d q org k 
1 Jorg an Ot 24s 


where in the general case kj #k>. By substituting the last expressions in (7) we get 
a set of equations describing the metabolism of tritium in the living body: 


— 4 (Jin Gore) — ky bq, (8) 


k, 
4s = Fore — 24s 


With single administration of the isotope, g,, = 0 and the set of equations (8) assumes 
the form: 
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x =—(a-+ ky) x +- 
k, (9) 


y= 


where qg,,, and g, are denoted respectively by x and y. This system can be reduced 
to the following linear equation of the second order with the constant coefficients: 


xt+(a+k+ ka) x + = ak2 gin, 


which for q;, — 0 is transformed into an homogeneus equation. 

It is easy to show that where a, k;, kz > 0 the discriminant of the characteristic 
equation > 0 and both roots of the characteristic equation /2+-(a+k,+k2) A+-ak2 = 
0 are always real from which it follows that the solution of equations (9) is given 
by the sum of the two exponentials. 


(11) 
y A> A,t A> Ant 


with the constants A; and A, as the roots of the characteristic equation. The constants 
A;, Aj, A; and A; are functions of a, b, k; and k>. For the initial conditions x (0) = xo 
and y(0) = 0, the relations A;+A, = x9 and A, = — A, are satisfied and the con- 
stants are expressed in the following manner: 
(a- 
A, = 17 Xo; 
where 


It is clear that the solution (11) with the constants (12) correspond qualitatively 
to the experimental curves in Fig. 2. 
The experimental curves may be described as follows: 


x9(0-86e 7° +O014e ), 


0-693 0-693 


It can be shown that for the experimental values a and 6 the theoretical curves 
coincide (within the limits of experimental error) with the experimental curves for 
k, = 0-069 day, ky = 0-089 day (k,+k2 = 0-158 day) and correspondingly 4; = 
0-28 day (7; = 2:5 days) and A, = 0-055 day (72 = 12-6 days). 

At equilibrium (/--> oo): 


ky 
b[A, —(a+k,)] 


t ky 
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The direct physical significance of the coefficients k,; and k2 can be readily established 
if we consider the process of uptake by the dried residue of the tritium from the liquid 
phase. It can be easily demonstrated on the basis of equations (9) and (10) that for 
different initial conditions the rate of accumulation of tritium in the structural elements 
of the organs and tissues will vary. Hence, if the concentration in the water phase 
is maintained constant and at the initial moment y = 0, then the rate of incorporation 
of tritium into the dried residue can be described by the relationship 


ky 
= af 14 
y(t) bk Xo (1 —e~"*") (14) 


i.e. the rise in specific activity of the dried residue occurs exponentially with the constant 
k» where k> is the rate of escape of hydrogen atoms from the dried residue to the water 
phase. If in the body constant activity (a = 0) is maintained and at the initial moment 
y = 0, the expression for inclusion of tritium into the dried residue will have the form 


ky Xo 
+k » (15) 


i.e. in this case the rise in activity will be much more rapid than with a constant equal 
to ky +-k>. 

As follows from the expressions (14) and (15), the rate of incorporation of the 
isotope into the structural elements of the tissues is essentially dependent on the 
experimental conditions. The rates of incorporation of isotopes into the structural 
elements of the tissues or the periods of semi-metabolism reported in the literature 
giving no precise indication of the experimental conditions have, therefore, only a 
relative character. It should be noted that the rates of inclusion of isotopes are not 
equal to the corresponding rates for the atoms of the stable elements. 

From an analysis of the experimental curves y(t) for the individual organs and 
tissues and x(t), it is possible to determine the rates of incorporation of tritium into 
the structures of these organs and tissues and the corresponding periods 7. These 
results are given in Table 1. 


TABLE 1. 


Period of specific 
activity (days) 


Animal species Organ or tissue 


Mice | Carcass 5-6°5 
| Dehydrated carcass 5-6°5 
| Fat 14 
| Liver 3-5 ‘ 
Rats | Muscle tissue 5-7 
| Skin 14 
Liver 3-5 
Lungs 45 
Spleen 45 


Brain 3-5 
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The half-time of 5-7 days for mice and rats with single administration of tritium 
apparently characterizes the rate of renewal of the structural elements of the internal 
organs and tissues. There are findings to the effect that in rats the period of semi- 
renewal of the proteins of the plasma and internal organs is 6-7 days [7]. 

In reality the exchange of hydrogen in the body occurs between a whole number 
of tissue structural elements. The solution of this problem mathematically entails 
great difficulties and the expressions obtained are not easy to compare with the 
experimental findings owing to the large number of parameters involved. 

In order to solve a number of practical problems it is sufficient to use the equations 
given above describing the exchange of hydrogen between the water and the dried 
residue: as a whole. 

(1) The dynamics of tritium metabolism in the water phase of the body and in 
the structural elements of organs and tissues has been studied with single acute admini- 
stration of tritium oxide. 

(2) New methods were devized for extracting the tritium from the water phase 
of the organism and from the structural elements of organs and tissues. 

(3) Differential equations were composed describing the patterns of tritium meta- 
bolism in the living organism, and yielded solutions which are in agreement with expe- 


rimental findings. 
Translated by A. Crozy 
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ROLE OF DISTURBANCES IN PYRIMIDINE METABOLISM 
IN RADIATION INJURY* 


A. M. KuZIN and V. I. TOKAkSKAIA-MERENOVA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 19 March 1959) 


IT is now well known that one of the earliest reactions observed in the irradiated orga- 
nism is the depression of nucleic acid synthesis [1] and primarily of the DNA content [2]. 
This depression is usually manifest a few hours after irradiation and very pronounced 
after 24 hr at which time it starts to level off at a rate varying with the individual 
organism. This latter aspect has led a number of workers to the view that the pro- 
nounced changes in nucleic acid synthesis observed in the first stages of radiation 
injury do not play a major role in its further development [3]. However, only the 
quantitative aspect of the depression and restoration of synthesis has been considered 
in this connexion and hardly any attention has been paid to the possible qualitative 
changes in the synthesized nucleic acids. 

As the incorporation of various nucleotides into the nucleic acid is non-uniformly 
depressed by radiation in the first hours after irradiation, this must inevitably lead 
to the synthesis during this time of nucleic acids differing in their nucleotide com- 
position. If later the mechanism of synthesis is restored, it is most probable that nucleic 
acids will be synthesized in which these abnormal molecules arising in the first hours 
after irradiation will be repeated. 

Synthesis of qualitatively different nucleic acids leads to qualitatively different 
proteins, which may be related to the development of radiation injury. There are 
isolated references to this possibility in the literature. For example, Berenbom and 
Peters [4] report that DNA isolated from the rat spleen 2-7 days after irradiation with 
a dose of 400 r contained less thymine and cytosine than normal. 

According to Il’ina [5] atypical proteins appear in the irradiated tissues, which 
is in accord with our concepts relating the changed course of protein synthesis to change 
in the structure of nucleic acids on irradiation. Using plants Sisakian and Kalacheva 
[6] have demonstrated the changed (42 per cent) uracil content in the RNA of rye 
seedlings 4 and 24 hr after irradiation with a dose of 10,000 r. 

In order to corroborate the hypothesis experimentally it seemed to us important 
to follow up the influence of irradiation on the rate of synthesis of various purine and 
pyrimidine bases in the period immediately following irradiation and their incorporation 
into DNA and RNA. We paid special attention to the nucleotides containing pyrimi- 
dine since there are a number of references in the literature to their high radiosensi- 
tivity on irradiation of nucleic acids in vivo and in vitro [7]. The investigations were 


* Biofizika 4: No. 4, 446-453, 1959. 
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conducted on 10-day seedlings of Krasnodarsk hybrid maize. The seedlings at the 
same stage of development and cultivated in Knop solution were divided into two 
batches (150 plants each) one of which (latter referred to as the test — T) was irradiated 
by the y-rays of Co at a dose of 10,000 r (dose rate 192 r/min) while the other 
unirradiated batch served as control —C. 

Immediately after irradiation both the irradiated and unirradiated plants were 
placed in the same chamber* in an atmosphere containing !4C-labelled carbon dioxide. 
The carbon dioxide was supplied to the chamber in several portions, the first of which 
contained the labelled carbon, and the plants were constantly illuminated by two 
50 W incandescent lamps through water filters. Incorporation of the radioactive 
carbon dioxide continued for 12, 24 and 36 hr after irradiation. All the 300 seedlings 
(test and controls) received 200 uc 14CO, each. 

On termination of CO, uptake, the plants were removed from the chamber and 
identical weighed samples of both test and control plants taken from the growth zones 
of leaves and root. The material was fixed in liquid nitrogen, ground at a low tempera- 
ture with quartz sand and extracted consecutively with 70°/) ethyl alcohol at 4°C, 
70°/9 ethyl alcohol containing 0-1 N perchloric acid and with two changes of a hot 
mixture of ether and alcohol (3:1). The acid-soluble purine and pyrimidine bases 
and their derivatives were removed by rapid repeat extraction of the residue in the 
cold with’0-2 N perchloric acid. 

The ribonucleic acid was extracted from the residue by N perchloric acid at 4°C 
for 18 hr by the method of Ogur and Rosen [9]. The residue was washed twice with N 
perchloric acid and the extracts combined. The DNA was extracted for 20 min with 
0-5 N perchloric acid at 70°C (double extraction). The extracts obtained were con- 
centrated and hydrolysed, the RNA by heating in sealed ampoules at 110°C for 1 hr 
with 70°/) perchloric acid [10] and the DNA also by 70°/9 perchloric acid on a boiling 
water bath for 1 hr [11]. The hydrolysates were freed from perchloric acid, concentrated 
to dryness and the residue dissolved in 0-5 ml water. 

In the preliminary tests the purine and pyrimidine bases were precipitated in the 
form of their silver salts and the comparative total radioactivity of the residues deter- 
mined. In the main experiments the hydrolysates were applied to absorbent paper 
(Leningrad slow paper) and chromatographed in butanol-acetic acid—water (75:20:50). 

The curves of radioactivity were plotted from the chromatograms. The position 
of the spots of adenine, guanine, uracil, cytosine and thymine (all the chromatograms 
were controlled by chromatograms of pure and mixed test preparations) was determined 
visually in transmitted ultra-violet light (UFS-1 filters). The zones of location of the 
bases were cut out, each base eluted with 0-1 N HCl and determined quantitatively 
in a Beckman spectrophotometer by absorption of ultra-violet light at a wavelength 
of 260 mu. The standard curve of absorption for thymine and uracil was obtained 
by us experimentally and coincided with the findings in the literature [12]; the molecular 
extinction curves for the other bases were taken from the literature [12]. 


* The design of the chamber has been described by us previously [8]. 
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The eluate was then transferred quantitatively to a standard plate, evaporated and 
its radioactivity determined by means of a TM-20 end window counter in constant 
geometric conditions. In each experiment five chromatograms were run and the mean 
values taken for calculation purposes. Knowing the quantity of base and its activity 
we were able to calculate the specific activity in counts/u mol base. The error of 
measurement was 6-10 per cent. By making all the measurements in strictly standard 
conditions it was possible to estimate the relative variation in activity of the various 
bases in the conditions of the experiment. 


RESULTS 


The preliminary results determining the total activity of the silver salts of the purine 
and pyrimidine bases are given in Table 1. The findings showed that irradiation of 


TaBLe 1. Activity (COUNTS/min mg) OF SILVER SALTS OF PURINE AND PYRIMIDINE BASES AFTER 
INCORPORATION OF 14CQ > FoR 72hr 


No. of RNA /%Jo depression | DNA °/o depression 
experiment 


I | Controls 97 | 219 
Experimental! 63 | 147 


Controls 95 180 
| Experimental} 68 74 


plants with 10,000 r led to a distinct retardation in the incorporation of carbon into 
the bases of both DNA and RNA, a result which encouraged more detailed investigation 


TABLE 2. ACTIVITY OF DNA THYMINE IN COUNTS/min umol* 


Time incorporation | | 
of 14Co2 Controls | Experimental (Experimental 
(hr) to control) 

12 26504291 2019482 76 

24 2900+218 | 700+120 24 

24 2717+304 530+68 19 

36 | 34004113 | 18904187 | 55 


of the process. Similar results were obtained in a number of experiments on chromato- 
graphic separation of the bases. Measurement of the chromatograms gave graphs 
similar to those in Fig. 1. 

As can be seen from the findings presented, against a background of a certain 
general decline in the activity of all the bases, a fall in the activity of DNA thymine 


*In this and following tables the weight factors of the bases were determined with an accuracy 
of 8 per cent for thymine, 3 per cent for DNA adenine and guanine, 5 per cent for uracil, 4 per cent 
for RNA adenine and guanine and 9 per cent for RNA and DNA cytosine. 
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4 1 16 17 


Cytosine 


Fic. 1. Curves of activity of chromatograms of purine and pyrimidine bases (a) DNA 
and (6) RNA. Unbroken lines — control; dotted lines — experimental; abscissa — 
length of chromatogram in cm; ordinates — counting rate. 


TABLE 3. ACTIVITY OF DNA PURINE BASES IN COUNTS/min mol 


Time of incorporation | 


9/9 


Controls | Experimental 


Adenine 
2700+-252 | 2700+284 100 
51204260 | 50004675 97 
5940+220 | 5275+450 | 88 
5000-490 | 43204405 | 86 
Guanine 
31754410 | 37754385 118 


41804436 44004400 105 
6050+567 47004521 | 


of control 
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TABLE 4. ACTIVITY OF RNA URACIL IN COUNTS/min umol 


Time of incorporation 
of Controls Experimental 
(hr) 


9/ 
of control 


24 3400+216 | 1900+200 55 
24 2940 +254 1465 +173 50 
36 3250+61 18334226 | 58 


and RNA uracil was particularly conspicuous. The quantitative measurements of 
the activity of DNA thymine, converted to u mol, are given in Table 2. We see that 
with fixation of CO, for 12 hr the uptake was 76 per cent of that of the controls while 
after 24 hr it fell sharply to only 20 per cent of the controls. It is interesting to note 
that at the same time uptake of the purine bases, adenine and guanine, was as shown 
by Table 3 very similar to the controls. In RNA the incorporation of !4C into the 


TABLE 5. ACTIVITY OF RNA PURINE BASES IN IMPULSES PER MIN PER MICROMOLE 


Time of incorporation 
of 14CO, Controls Experimental 
(hr) 


of control 


Adenine 
24 $550 +524 4850 + 568 
24 4600 +325 3500 +324 
36 4200 4320+.293 


Guanine 
24 3090 +254 3050 
36 4504 +275 4093+500 | 


uracil was sharply reduced. As Table 4 shows, the activity of RNA uracil in the irra- 
diated plants was only 50 per cent of the controls whereas the purine bases of the RNA 
had almost the same activity as in the unirradiated plants (Table 5). 

Cytosine occupied an intermediate position. Its renewal in both DNA and RNA 
proceeded more slowly after irradiation than in the controls (Table 6) but was not 
depressed to the same extent as thymine and uracil. 


TABLE 6. ACTIVITY OF DNA AND RNA CYTOSINE IN COUNTS/min umol 
Time of DNA RNA 
incorporation 
(hr) | Controls Experimental 
control | 
12 15704142 | 1120498 71 
24 2130+226 | 2050+186 96 | 2250+218 | 24604202 109 
24 1452+200 | 1120+150 77 1397+130 | 1075+121 77 
36 2800 +315 1795 +184 61 3030+286 | 2025+253 66 
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DISCUSSION OF RESULTS 


In line with modern concepts [13], incorporation of labelled CO, into the pyrimidine 
bases of DNA and RNA may be represented by the following scheme (Fig. 2). 


O 
He / 
Corbohydrates 
o=[] 
Aspartic acid OO 


diphosphate Orotic acid 
phosphoribosy! 
pyrophosphate 


' 


Coenzyme i 


Om CH pentoso —5- ribosy! -5— ribose -5- 
diphosphate diphosphate phosphate 


N N 
deoxyribosyi- Ceoxyribos yl- 
5-diphosphote 5-diphosphate 
Thymine Uracil 
Cytosine 
ONA RNA 


Fic. 2. Possible means of synthesizing pirimidon components. 
Key to Figs. 2 and 3: ts = tsitozin; u = uratsil; DR = 5-ff- dioxyribozil-5 diphosphate; R = 5-ff- 
ribozil-5-diphosphate; P = 5-ff-pentozo-5-diphosphate; Co =-f coenzyme; ATF = adenozintri- 
phosphate. 


As is clear from this scheme, Carbon-3 of the pyrimidine ring is synthesized directly 
from the labelled carbon dioxide and must possess the highest activity. Carbons-1,-5 
and-6 come from aspartic acid. They will be active only after incorporation of CO, 
during photosynthesis first into the carbohydrates and subsequently into the oxalacetic 
and aspartic acids formed from them. Direct uptake of CO, by the carboxylic acid 
cycle is in part possible. The large number of intermediate products and the fact that 
they are always present in plant tissues strongly suggests that carbons-1, 5 and 6 carry 
less activity than carbon-3. Finally, the third pathway for the labelled atom may 
be through the methyl grouping of thymine forming from a monocarbon precursor 
(probably formate) transferred in a coenzyme system with the participation of folic 
acid. It is of interest to know at what stage irradiation interferes with the synthesis 
of pyrimidine nucleotides in their incorporation into nucleic acids. 
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If irradiation disturbed the initial stages of incorporation of !4C into orotic acid — 
the general precursor of all pyrimidine bases — then the activities of RNA cytosine 
and uracil and DNA thymine and cytosine ought to be reduced in equal measure, 
which is not in agreement with the experimental findings. Consequently, both direct 
incorporation of CO, at position 3 and that of CO, by photosynthesis via aspartic 
acid is not disturbed on irradiation with a dose of 10,000 r. This in relation to photo- 
synthesis is in full agreement with the earlier findings of Kuzin and co-workers [14] 
and Vasil’ev [15] on the resistance of photosynthesis to the action of ionizing radiations. 
It seems probable from the distinct difference in the fall in activity of uracil and cytosine 
in RNA that the effect of irradiation is to disturb the rate of incorporation of the pyri- 
midine bases into the RNA molecule. 

Our findings point to the especially sharp depression of new formation of DNA 
thymine. The reason for this may be seen either in the blocking of the introduction 
of the methyl grouping into the thymine molecule which may in turn be connected 
with damage to the coenzyme-folic acid system or in the sharp inhibition of incor- 
poration of thymidine into the DNA molecule. To solve this problem data on the 
synthesis of DNA adenine and guanine are essential. The scheme of the pathways 
of synthesis of the purine bases [13] is given in Fig. 3. In the formation of purine bases, 
an active role is played by the coenzyme system together with folic acid supplying 
carbon atoms 2 and 7 of the purine ring. If this system is depressed as a result of 
irradiation the activity of all the purine bases should show an equally sharp fall, which 
was not the case (Tables 3 and 5). From which it follows that the effect of irradiation 
is to inhibit the incorporation of thymidine into the DNA molecule (Fig. 2). 

Kanazir and Errera [16] investigated the blocking of DNA synthesis by ultra- 
violet irradiation, and De Nicola [17] by X-irradiation, and concluded that synthesis 
of nucleic acids as such is suppressed at the stage of formation of the high polymers 
and not of their intermediate products. 

In considering the results obtained by us we see that, in the first 72 hr after irradia- 
tion of plants with a dose of 10,000 r, synthesis of RNA was down by about 30 per cent. 
This reduction was, however, the result of very unequal depression of the incorporation 
of the various nucleotides into RNA. Uptake of uridine ribosylphosphate fell by 50 per 
cent and that of cytosine ribosylphosphate by a maximum of 34 per cent while in- 
corporation of adenine and guanine ribosylphosphates was almost at the former level. 
This means that the RNA synthesized within this time interval after irradiation has 
a nucleotide ratio differing from normal. Consequently, we see together with the 
quantitative depression of RNA synthesis, a fundamental change in its qualitative 
composition. 

This was even more striking in the case of DNA. The determination of the overall 
activity of the silver salts of the nitrogenous bases showed approximately a 50 per cent 
fall in DNA synthesis in irradiated plants. 

This is in accord with a number of earlier communications [6, 18, 19]. Further, 
the nucleotide ratio of the DNA newly synthesized after irradiation is abnormal. 
Incorporation of thymine deoxyribosylphosphate almost comes to a stop 24 hr after 
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irradiation — its incorporation is depressed by 81-76 per cent. Incorporation of 
cytosine deoxyribosylphosphate suffers an insignificant depression varying from 
20-40 per cent. The purine bases are taken up at approximately the former rate, giving 
in individual experiments only a slight fall (not more than 14 per cent for adenine 
and 23 per cent for guanine), which agrees with the results of other investigations [6]. 
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Fic. 3. Possible means of synthesizing pyrene components. 


The findings obtained show that the DNA synthesized in the first hours after 
irradiation differs fundamentally in its qualitative nucleotide composition. We thus 
see that DNA and RNA synthesized are not peculiar to the given irradiated organism. 
It is known from the literature that the existing DNA and RNA exert an influence 
on the further formation of these compounds and also that the structures of DNA 
and RNA play a role in the synthesis of specific cell proteins. The appearance of DNA 
and RNA differing qualitatively as a result of irradiation may lead, even on restoration 
of their former synthesis rate, to profound changes in metabolism primarily in the 
synthesis of atypical nucleic acids and proteins. 

It is possible that these nucleic acids and proteins because of their changed structures 
do not enter the actively-metabolizing, living cytoplasmatic structures and that they 
accumulate in the cells as ballast or induce fundamental shifts in the processes of cell 
metabolism. Either way, the qualitative change in the nucleic acids may be the prime 
cause of the death of the cell, tissue, and entire organism as a result of irradiation. 
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SUMMARY 


(1) The rate of incorporation of carbon (!4C) from !14CO, into the purine and 
pyrimidine bases of DNA and RNA after y-irradiation of plants was investigated. 

(2) It was shown that on irradiation of plants (10-day maize seedlings) with a dose 
of 10,000 r a sharp decline occurred in the first 24 hr in the specific activity of DNA 
thymine (by 80 per cent) and RNA uracil (by 50 per cent). The specific activity of 
cytosine was insignificantly reduced (20-40 per cent) and that of the purine bases 
showed almost no departure from the controls. 

(3) An hypothesis is advanced on the basis of the results that in the first hours 
after irradiation synthesis of DNA and RNA takes place, producing compounds with 
abnormal nucleotide ratios (reduced thymine content in DNA and uracil content 
in RNA). 

(4) The possible significance in the subsequent development of radiation injury 
of the appearance of these modified compounds of DNA and RNA is discussed. 


Translated by A. Crozy 
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THE MECHANISM OF THE FORMATION OF MICRO- 
NECROTIC FOCI IN THE BONE MARROW OF ANIMALS 
ACTED ON BY PENETRATING RADIATION INVESTIGATED 
BY FLUORESCENCE AND ULTRA-VIOLET MICROSCOPY * 


M. P. BUKHMAN and T. M. KONDRAT’EVA 


Central Scientific Research Institute of Medical Radiology, Leningrad 


(Received 5 July 1958) 


THE first changes occurring in the bone marrow after the irradiation of animals have 
been determined by various authors within a few hours of irradiation. The use of the 
method of fluorescence microscopy has made it possible to determine earlier and more 
subtle changes [10, 9, 4]. Using relatively large doses from 500 r to 900 r in these 
operations, changes were recorded in a considerable number of the cells in the bone 
marrow almost immediately after irradiation. These changes were not shown by 
ordinary cytological methods. In the investigations mentioned, carried out on living 
cells, the character and sequence of cellular disturbances has been described, pointing 
to nuclear and cytoplasmatic injury. This injury is assessed according to change in 
the intensity of the colour of the secondary fluorescence. Owing to the brightness 
of the fluorescence, morphological changes, even in the very first stages, are very 
distinctly visible; of these the earliest are the processes gradually leading to the disin- 
tegration of the nucleus. In these cases the delicate composition of the nucleus blurs, 
the nuclear substance, containuing to fluoresce bright green (only sometimes taking 
on a whitish tone) becomes homogeneous, merges into the abruptly thickening nuclear 
envelope (the integrity of which breaks down after a while) and appears in the form 
of little lumps and clots throughout the whole cell. The cytoplasm also undergoes 
a number of changes, not yet very marked at this stage. 

This damage attains its maximum within 3-4 hr after irradiation, but later, in some 
24 hr, it gradually disappears, giving place to other cellular disturbances typical of 
later stages (integration of the cellular substance without break, but with dying away 
of fluorescence — changes obviously corresponding to lysis; and the sudden rupture 
of the ribonucleic exchange, leading to serious cytoplasmatic disturbances in the cells). 


Examining preparations of irradiated living cells of the bone marrow of animals 
with the fluorochrome acridine orange mixed with Congo red, Meisel’s and Sondak 
[10] discovered in them the appearance of foci of various dimensions shining with 
a bright turquoise green, on an extremely dim fluorescing field. These foci were 
designated micronecroses. The authors established that their emergence depended 
both upon the dose of radiation and also upon the time elapsed since irradiation. 


1959. 


* Biofizika 4: No. 4, 454-459, 
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Most of them were observed at an interval of 3-6 hr after irradiation. Later we succeeded 
in confirming the data of these authors [4] and in establishing that the micronecroses 
are, as it were, conglomerates of densely packed cells with injuries of the same kind, 
namely, with disintegration of the nuclear substance but with retention of its bright 
green fluorescence. The discovery of micronecroses among living cells of the bone 
marrow of irradiated animals by the method of fluorescence microscopy presents 
no technical difficulties and does not require complicated apparatus. On smears and 
microscopic sections treated and stained by the usual histological methods microne- 
croses do not appear. This phenomenon can be of value for diagnosis if its specificity 
for radiation trauma is shown. In preliminary tests with the use of some microbial 
toxins, and with the action of severe loss of blood, micronecroses were not revealed [9]. 
Neither were they revealed with chemical substances (benzole, urethane, and others) 
acting selectively and in series on the bone marrow [5]. 

It remained obscure why cells with a certain type of injury are found united in 
conglomerates. The clearing up of this problem, as also a detailed study of the nature 
of the formation of micronecrotic foci has been the aim of our investigation. We 
hoped also that it would make it possible to obtain additional information about 
the mechanism of the action of radiation on cells. 


METHODS 


Investigations were carried out on white rats submitted to whole-body X-ray 
irradiation with a dose of 900 r on a RUM-3 apparatus (190 kV, 10 mA, 0-5 mm 
Cu + 1 mm AI, dose rate 74 r/min) at intervals from 2-5 to 5-5 hr after irradiation. 
Non-irradiated animals served as controls. The rats were killed by decapitation, after 
which the bone marrow was immediately extracted from the tibia. Our previous 
experiments, investigating living cells of the bone marrow by the method of fluorescence 
microscropy, showed that, given the observance of certain precautions in the work, 
the cells remain undamaged for 3-4 hr. After this they die naturally. 


Pieces of bone marrow in Ringer’s solution with fluorochrome (in concentration 
of 1:100,000) were placed on quartz object glasses in damp rooms in Petri dishes. 
Before the investigation surplus fluid was drawn off and the edges of the cover slip 
were wiped with paraffin to prevent drying out of the preparation. 

As is known [3], in Soviet ultra-violet microscopy, in the investigation of unstained 
objects, one can observe an image of cells in ultra-violet rays on a fluorescing screen. 
This makes it possible visually to control objects absorbing ultra-violet light in the 
region of 365-254 mu, and to focus for subsequent photography in ultra-violet or 
visible light. 

Cells of the bone marrow have very strong selective absorptivity in the region 
of 280-254 mu and hardly absorb ultra-violet light at all in a longer wave field. For 
this reason, using ultra-violet microscopy it is almost impossible to choose the necessary 
cellular forms, or cells with definite morphological changes that have arisen subsequent 
to irradiation. On the other hand fluorescence microscopy shows up all the delicacies 
of cellular structure very well, and in this way enables detection of early cellular changes. 
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However, more obscure chemical changes, which can be estimated by variations in 
the absorption of ultra-violet light, can be ascertained by means of ultra-violet micro- 
scopy. 

Proceeding from these characteristics we have worked out a new systematic routine 
‘consisting of a compound adaptation of fluorescence and ultra-violet microscopy. 


Investigation was carried out in the following way: the preparation, made ready 
in the way indicated above, was placed on the stage of an ultra-violet microscope 
MUV-2. 

By fluorescent luminescence, enhanced by ultra-violet light (365 mu), cells with 
a certain type of modification were selected. (The concentration of fluorochrome 
used gives a distinct fluorescence of the cells and does not change their absorption 
in ultra-violet light). As the ultra-violet microscope MUV-2 enables observation both 
of the fluorescence (without the screen), and the absorption of ultra-violet light on 
the fluorescing screen, so the transition from observation of the fluorescing lumi- 
nescence to a study of absorption by the cells was effected by simple introduction of 
the screen and a change of light filters*. 

Thus, the cells selected from the fluoresence picture came into the field of vision 
of the ultra-violet microscope. They were photographed in triplicate with three 
wavelengths: 280-254, 313, and 365 mu. 

Observation and photography of cells of the bone marrow were carried out with 
a reflecting lenticular objective 90x 1-0, calculated for visual and ultra-violet bands 
of the spectrum and with an 8x compensating quartz eye-piece. 

After photography (total exposure 40 sec) these same cells were submitted to the 
supplementary action of ultra-violet light with a wavelength from 404 to 254 my for 
1 mm. The changes produced as a result of the irradiation were not revealed in the 
cells immediately. Therefore they were photographed again 5 min later. During 
these 5 min a visual watch was kept on them in the fluorescent picture. The whole 
investigation (choice of object from the fluorescence picture, visual control of absor- 
ption of ultra-violet light on the fluorescing screen, photographing in ultra-violet light 
and supplementary irradiation with ultra-violet with subsequent repeated photography) 
was carried out without moving the preparation. All the stages of observation were 
recorded and, apart from the photography done in ultra-violet, changes of the fluorescent 
picture were sketched. 


RESULTS 


In the investigation of the fluorescent picture of living cells of the bone marrow 
of irradiated animals, the micronecrotic foci stood out distinctly against the backround 
of brightly luminous cells (even without the addition of an extinguisher for the fluoro- 


chrome). 


*In visual observation of preparations absorbing ultra-violet light in range of 265-254 my. (the 
absorption band of nucleic acids) light filters UVS-1 were used together with a gas filter containing 


bromine and chlorine. 
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Fic. |. Micronecrotic foci from rat bone marrow, irradiated with a dose of 900 r. Photographed 
directly in the MUF-2 ultra-violet microscope at three wavelengths. 


Fic. 2. A. Micronecrotic foci, photographed under the same conditions as those of Fig. 1. B. The same 
part of the preparation shown in A after additional exposure to ultra-violet light. 
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Together with cells at various stages of injury, a certain number of undamaged 
cells was found, mainly mature forms of leucocytes. In these cells the nuclei fluoresced 
with a bright green colour of various shades, the cytoplasm a dark-green and the cyto- 
plasmatic inclusions bright red. The micronecroses shone as compact roundish for- 
mations with bright green continuous fluorescence. They were never found in the bone 
marrow of the control animals. 


In the first 2 hr after irradiation the micronecroses were of inconsiderable size, 
for the most part not exceeding the dimensions of one cell. In 3-4 hr not only the 
number of micronecroses but also their dimensions increased. 


From the fluorescence picture it was sometimes possible to detect that large 
micronecrotic foci were cells lying close to each other as if absorbed in the general 
“mass”, which has a cloudy, green-white fluorescence. We had the impression that 
the roundish form of the focus was conditioned by the presence of an envelope surroun- 
ding the cells and involving them in something unbroken. But mostly the structure 
of the focus was not discerned at all, and its fluorescence was bright and uniform. 
In some cases it was quite impossible to make out whether the focus consisted of 
several cells or of one swollen cell. 


Moreover, in the ultra-violet microscope it was easy visually to detect micronecroses 
on the fluorescing screen by the intensified absorption of ultra-violet light. Among 
the surrounding cells they stood out sharply owing to the powerful, continuous absor- 
ption in the range 280-254 mz. As a rule the structure even of large micronecroses 
was not discerned at all. In addition, in micronecroses the shift of absorption of ultra- 
violet light in the long wave range was distinctly revealed, just as with all damaged 
cells (Fig. 1). 

To show the structure of micronecroses an additional irradiation of ceils was 
carried out with ultra-violet light of a wavelength between 400 and 254 mu. Immediately 
after irradiation it became clearly visible how the integrity of the “envelope” investing 
the crowded injured cells was broken down; after this the rounded outlines of the 
conglomerates disappeared and their consistuent parts begin gradually to separate 
one from another. As a result, in place of the micronecrotic focus, separate free cells 
were found, sometimes lying at a considerable distance one from another. Not a trace 
of the compact formation was left and only by the arrangement of the surrounding 
cells was it possible to conclude that this was the same place (Figs. 2 and 3). 

The whole of this process could be followed visually from the absorption picture. 
Sometimes it was impossible to distinguish a large damaged cell from a micronecrosis. 
The question was settled only after supplementary irradiation with ultra-violet light 
(Fig. 4). 

The disintegration of micronecroses under the action of ultra-violet radiation 
could also be well observed from the fluorescent picture. This could be seen more 
clearly by using not the usual filter, transmitting 4 = 365 my (UVS-3), but filter 
UVS-1 transmitting a wider section of the ultra-violet part of the spectrum — from 
400 to 254 mu. 
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Fic. 3. Three micronecrotic foci (1, 2 and 3) photographed in light of wavelength 
254-280 mu (a) before and (b) after exposure to ultra-violet light. 


Fic. 4. Injured X-irradiated cell, reminiscent of a micronecrosis (a) before and (b) 
after exposure to ultra-violet light. 
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The use of this filter increased the intensity of the stimulating light at the cost 
of using light from several lines of the mercury spectrum. The purple colouring of 
the field of vision of the microscope appearing with this filter did not hinder observation 
of the fluorescence of other colours. 


DISCUSSION 

Thus, as a result of our tests we succeeded in establishing that the compact mi- 
cronecroses of rounded form, uniformly and strongly absorbing ultra-violet light and 
appearing to be single wholes, consisted of a larger or smaller number of cells with 
strongly pronounced disintegration of the nuclear substance. 

It is of course extremely easy for the metabolism of nucleic acids and nucleoproteins 
to be harmed during the action of ionizing irradiation. In 1951 it was demonstrated 
by Meisel’, Kondrat’eva and Emelianov [8], by the method of fluorescence microscopy, 
that irradiation with large doses of X-rays of tissue culture cells caused exfoliation 
and collapse of the nuclear substance, with a flowing out of the latter into the cyto- 
plasm, and even beyond the limits of the cells, into the surrounding medium. The 
emergence of nucleic acids from damaged cells was also observed by the technique 
of ultra-violet microscopy [6, 7] and by chemical methods [1]. In the recently published 
work of Brodskii and Suyetina [2] it is established by the method of quantitative 
cytochemical analysis of bone marrow cells after irradiation, that the quantity of nucleic 
acids in damaged cells drops 3-5 times relative to the normal, while nucleotides disappear 
altogether. Thus, the emergence of nucleic acids and nucleotides from cells when 
damaged can be considered as established by various methods, chemical as well as 
optical. 

However, it should be noted that only with the action of penetrating radiation on 
the cells are these processes accompanied by their sticking together in conglomerates, 
and by the formation of micronecrotic foci, and not only in the bone marrow, but 
also, according to Meisel’s data, in other organs (spleen, lymphatic nodes). 

On the basis of our investigations, the mechanism of the formation of micronecrotic 
foci in the bone marrow may be represented in the following way. As shown by one 
of us in previous works [4, 5] the earliest and most typical changes occurring after 
irradiation of the bone marrow cells are exfoliation and collapse of the nuclear sub- 
stance without changes in the colour of the fluorescence. The cells are found surroun- 
ded by nucleic acids or nucleo-proteins which are distinct from them. This is conducive 
to the coherence of the cells and to the formation of cellular conglomerates. The 
surface tension of the nucleic acids causes this formation to assume a rounded form, 
and the impression is created that it is encircled by a membrane. The absorption of 
ultra-violet light by these conglomerates increases in comparison with the normal 
cells or cells damaged to a lesser degree. Also typical of them is the bright green 
fluorescence which is not extinguished even by an extinguisher. 

On a second irradiation of them by ultra-violet light further physicochemical changes 
occur in the substratum surrounding the cells in the micronecrotic focus, which lead 
to its weakening. A consequence of this is a weakening of the links between the cells 
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and the collapse of the micronecroses. The absorption of ultra-violet light by cells 
from the collapsing focus decreases and is not distinguished from the absorption by 
the cells surrounding it. 

Thus, combined used of ultra-violet and fluorescence microscopy has made it 
possible to approach an understanding of the character of cellular disorders and to 
judge them more fully than is possible with the use of only one of the above techniques. 


SUMMARY 

(1) In the bone marrow of irradiated animals micronecrotic foci are easily revealed 
by the methods both of fluorescence and of ultra-violet microscopy. In the fluorescence 
microscope micronecroses stand out against the general background of living cells 
with a continuous bright green fluorescence (when treated with acridine orange); 
in the ultra-violet microscope with stronger, more continuous absorption of ultra- 
violet light. 

(2) Micronecrotic foci are rounded conglomerates of closely lying cells with a definite 
type of injury (exfoliation and collapse of nuclear substance), as if immersed in a 
homogeneous medium. They are never found in the control animals. 

(3) The combined used of fluorescence and ultra-violet microscopy has made it 
possible to approach an understanding of the mechanism of the formation of micro- 
necroses. As a result of the action of ionizing radiation on part of the cells, exfoliation 
and collapse of the nuclear substance occurs, with discharge from the cells of nucleic 
acids, and their combination modified both physically and chemically. This obviously 
leads to cohesion of cells with the same kind of injuries. Additional irradiation of 
the micronecroses by ultra-violet light results in their disintegration into separate cells. 


Translated by D. BURTON 
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THE INFLUENCE OF WHOLE-BODY X-RAY IRRADIATION 


WITH FRACTIONATED DOSES ON THE CONDITIONED 
ACTIVITY OF DOGS* 


E. S. MEIZEROV 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 9 June 1958) 


A stupy of the role of the time factor in the reactions of an animal body and of separate 
organs and tissues was quite fruitful for an understanding of the mechanism of the 
biological action of ionizing irradiation (Rajewsky [16]). Elucidation of the role of 
the time factor is of prime importance in the reactions to radiation of the central 
nervous system and, in particular, of the cortex of the large hemispheres of the cerebrum. 
Up to the present a little has been done in this direction. 

Laurin and others [7], studying the effect of y-radiation on the function of the 
spinal marrow, came to the conclusion that modifications of the function caused by 
the action of radiation depends to a greater extent upon the dose rate than upon the 
total dose. 

Livshits [8, 9] found a high degree of sensitivity of the cortex to irradiations with 
fractionated doses and to protracted irradiations. Comparing the effect of the above 
forms of irradiation with acute irradiations on a massive scale, she noted a relatively 
higher susceptibility of the cortex on the first occasion; but, in view of the fact that 
the experiment was carried out on a small number of animals, she considered this 
conclusion provisional, requiring further verification. 

A study of the effect of irradiation with fractionated doses upon the higher nervous 
activity is a necessary stage in investigation of the role of the time factor relative to 
the function of the cortex, and, at the same time, it has a significance of its own for 
an understanding of the regularity and mechanism of the reactions to radiation of 
higher organisms. 

Characteristics of the course of radiation sickness following fractionated doses 
are described by Nekovalova and others [14] and by Molokov and Khanin [13]. Of 
great interest in this form of radiation sickness is the fact that the latent period, 
when marked clinical symptoms do not appear, is considerably longer than that following 
acute irradiation; this makes better study possible and it brings out the functional changes 
in the cortex of the cerebrum and their connexion with other reactions. 

The question of the effect of fractionated and protracted irradiations on the function 
of the cortex is of special interest, as clinicians point out that the functional changes 
of the central nervous system are an early and invariable symptom of chronic radiation 
sickness (Kozlova [4], Kovnatskii [3], and others). 


* Biofizika 4: 460-470, 1959. 
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The effect of irradiation by fractionated doses upon conditioned reflex activity 
has been studied in experiments on dogs by Livshits [10] and on rats by Kotliarevskii, 
Gorsheleva and Khozak [5, 6]; these authors have established the high degree of sen- 
sitivity of the cortex to action of such kind. 


Harlow and Moon [2], applying an animal psychology technique in experiments 
on monkeys do not find deterioration of the functions studied by them after repeated 
X-ray radiation, right up to the time when the experiments had to be cut short on 
account of the weakness of the animal. In current work, following a proposal by 
Livshits, the effect of daily X-ray irradiations on the higher nervous activity of dogs 
has been studied with comparatively small doses (from 3 to 15 r). 


METHODS 

The test was made according to the method of conditioned salivary food reflexes, 
on 3 dogs, males weighing 21-24 kg, aged about 2 years at the beginning of the experi- 
ments, 

After making control measurements and deciding the type of higher nervous activity, 
we began to accustom the animals to the X-ray apparatus and then proceeded to the 
irradiations. For irradiation the dogs were fixed in a standing position in a special 
box. The whole body was irradiated from one side. The irradiations were carried 
out six times a week with doses from 3 to 15 r and total doses from 777 to 1470 r. 
The animals were under observations for 2-5 years. 

The conditions of irradiation were: RUP-1 apparatus, 175 kV, 15 mA, dose rate 
1-33 r per min, focal distance 2 m, filters 0-5 mm Cu + 0:75 mm Al. For the sake 
of uniform irradiation from one session to another the animals were placed alternately 
with the right and left sides to the X-ray tube. 

Apart from conditioned reflex activity, observations were made of haematological 
indices, body temperature, weight, response to food, stool and general condition of 
the animals. The whole of the basic experimental material relates to the period when 
marked symptoms of radiation sickness were absent. Statistical analysis showed the 
trustworthiness of the results obtained. 


RESULTS 


The first dog, called “Top”, type of higher nervous activity, weak; conditioned reflex 
background before irradiation, unstable. There were occasions of refusal of food, viz. 
in 45 per cent of cases before irradiation the number of refusals of food in the test 
was more than 3 times. The differentiation was relatively poor, but absence of differen- 
tiation was observed only in rare single instances. Phasic phenomena too were noted 
only as a rare exception. After the preliminary treatment the animal was submitted 
to a course of 83 whole-body X-irradiations with single doses of 3 r. To determine 
the initial background of higher nervous activity two groups of tests were used in 
which the dog was not submitted to any radiation at all. Data concerning fluctuations 
of the total salivary secretion in the test, of salivary secretions in response to differen- 
tiating stimuli, and of haematological indices are shown in Figs. la and 15; and data 
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Influence of whole-body X-ray irradiation on conditioned activity of dogs 
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Fic. 1. (a) First course of irradiation. Abscissa: time in days, arrows designate gradual accumulation 
of dose of irradiation, with daily dose 3r. Ordinate: S — total salivary secretion in response to positive 
stimuli in divisions of scale (4 divisions equal one drop); D — salivary secretion in response to differen- 
tiation in divisions of scale; L — leucocytes in thousands per mm3 of blood: E — red cells in millions 
per mm3 of blood; G — haemoglobin in per cent according to Sahli. Vertical dots designate the period 
of irradiation. 
(b) Second course of irradiation. Same designations. (Accumulation of dose in the second course of 
irradiation is from 0, although in fact the dog had already been irradiated with a total dose of 249 r 
in the period of the first course of irradiation). 
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about the frequency of phasic phenomena, refusals of food and other disturbances 
of the higher nervous activity, in Fig. 2. 

Changes of conditioned reflex activity with “Top” during and after X-ray irradiations 
can be divided into the following periods. 

Period I included the first month of the first course of irradiation when the 
accumulated dose increased to 78 r; the magnitude of conditioned reflexes diminished 
somewhat, mostly on account of the lowering of salivary secretions in response to 
strong and weak stimuli. The content of leucocytes and haemoglobin in the peripheral 
blood did not substantially change. 

Period II (duration 2:5 months) beginning with the second month of irradiation 
up to the end of the first course of irradiation and further, to interruption of the test 
on account of the heat and the holiday period; total dose of radiation in this period 
reached 249 r. The conditioned reflexes increased, and the difference between amount 
of salivary secretion and its initial value evened out; but in the third month of irradiation 
slight disturbances of strength ratios were again observed. The number of leucocytes 
in the peripheral blood dropped to 5000 mm3. The drop in content of red cells and 
haemoglobin was negligible. 


Months 


lot. 306. 406. 600. 
B 


Fic. 2. A — Course I of irradiation; B — Course II of irradiation. Abscissa: time in months. In, — Ist 

month of norm, 2n. — 2nd month of norm, lob. — Ist month of irradiation etc. P — month of investi- 

gation In. — Ist month of initial background before 2nd course of irradiation. lob. — Ist month of 

irradiation etc. Curves: I — experiments with normal higher nervous activity: If — experiments with 

decline of differentiation; III — experiments with phasic phenomena; IV — experiments with decrease 

of positive conditioned reflexes; V — experiments with refusals of food. Period of irradiation designated 
by dotted line, 
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Period III, of a duration of 5 months, from the end of the interruption to the 
beginning of the second month of the second course of irradiations, was characterized 
by an improvement of the higher nervous activity in comparison with the initial level, 
which was confirmed by an increase in salivary secretion in response to positive stimuli, 
by a reduction of cases of disturbances of the higher nervous activity and by special 
tests of strength of the stimulating process. The caffeine test confirmed that, in com- 
parison with the initial background, the functional state of the cortex had improved. 
The injection of 0-5 g of pure caffeine before irradiation made the occasions of refusals 
of food more frequent. In the period being described the action of the same dose of 
caffeine proved considerably weaker. These data are set out in Table 1. A test with 
summation of two stimuli also showed an improvement of the higher nervous activity 
(Table 2). Complete normalization of haematological indices during interruption 
of the irradiations did not occur. 


ACTION OF CAFFEINE BEFORE AND AFTER IST COURSE OF X-RAY IRRADIATION 
BEFORE X-RAY IRRADIATION FIRST TEST 


Doc *‘‘Top’’. 
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Period IV, with a duration of 4 months, from the second month of the second 
course of irradiation and up to the death of the animal, was characterized by growing 
deterioration of the higher nervous activity, sharply intensifying to the sixth and 
seventh months of the second course of irradiation, when the accumulated dose for 
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both courses reaches 732 r. About this time positive conditioned reflexes subsided, 
salivary secretion in response to the differentiating stimulus even showed a relative 
increase, the variability of conditioned reflexes was heightened, and disturbances of 
the higher nervous activity were found in all the tests without exception. 
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In this period leucopenia and anaemia increased. During the seventh month of 
irradiation the number of leucocytes was 3150 mm3 the red cell count was 2:32 x 106, 
and the content of haemoglobin was 47 per cent; but external symptoms of radiation 
sickness appeared only 2-5 months before the death of the animal and a few days 
before cessation of the experiments on conditioned reflexes. 

The second dog, called “Jack”; type of higher nervous activity weak; conditioned 
reflex background unstable. Normally, without visible reason there would be occasions 
of a decrease of conditoned reflexes and of refusals of food during the test, though 
also from time to time an equalizing phase was observed. 

The dog was submitted to a course of X-ray radiation with single doses of 10 r. 
To determine the initial background 65 tests were used in which the dog was not 
irradiated. 

The following periods can be fixed for the modifications in the higher nervous 


activity of this dog. 
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Period I, with a duration of 4-5 months, covered the first course of irradiation 
and its sequel. It was characterized by a decrease of positive conditioned reflexes 
and an increase in the number of cases of disturbances of the higher nervous activity. 
As with the first dog the higher nervous activity improved somewhat in the second 
month of irradiation, but in contradistinction to him this improvement did not last 
long and in the third month of irradiation it gave place to a considerable deterioration, 
sharply intensifying by the end of the first course of irradiation when the accumulated 
dose reached 830 r. Together with the decrease in positive conditioned reflexes and 
the increase in their variability, the normal strength ratios between the conditioned 
reflexes were abruptly disturbed. At this time the number of leucocytes was 2000/mm3, 
number of red cells dropped from 7x 10° before irradiation, to 5x10, while the 
haemoglobin content dropped from 117 to 84 per cent according to Sahli. 

In period II, with a duration of 3 months, after termination of the interruption 
up to the beginning of the second course of irradiation, a gradual normalization of 
the higher nervous activity was found. In this period the conditioned reflex background 
corresponded to the upper limit of the norm and the disturbances of the higher nervous 
activity observed before irradiation were absent. At this time the dog was submitted 
to the following functional tests: injection of caffeine in doses of 0-5 and | g, of sodium 
bromide in doses of 5 and 8 g, lengthening of the differentiation to 3 min, substitution 
of the stereotype by weak and strong stimuli, and the summation of two stimuli. Not 
one of the tests revealed deterioration of the condition of the cortex of the cerebrum. 
Haematological indices improved but do not return to the normal level. 

Period III, with a duration of about 2 months, covered the second course of irra- 
diation. The accumulated dose at this time increased from 830 to 1380 r. Positive 
conditioned reflexes augmented, having exceeded the initial level, but at the same 
time the differentiation declined, while in the second month the strength ratios between 
amplitudes of the conditioned reflexes began to break down. The number of leucocytes 
dropped from 3000 to 1200/mm3 the number of red cells, from 6-45 to 4:27 x 106. 
The haemoglobin content dropped from 117 per cent at normal to 75 per cent according 
to Sahli. 

Period IV, with a duration of about 4 months, from the termination of irradiation 
to the appearance of the external symptoms of-radiation sickness, was characterized 
by decrease in conditioned reflexes, decline of relative differentiations, and by an 
increase in the number of tests with disturbed higher nervous activity. The data con- 
cerning the frequency of phasic phenomena, refusals of food and other disturbances 
of the higher nervous activity are shown in Fig. 3. In this period serious anaemia 
developed, the number of red cells per mm} of blood droped to 1-55 x 10° and the 
haemoglobin content to 26 per cent according to Sahli. 

The external symptoms of radiation sickness appeared in the latter days of the 
period being described and within 4 days after their appearance the tests were cut 
short. 

The third dog, called “Dunai”; type of higher nervous activity, highly unbalanced; 
conditioned reflex background, unstable. Before irradiation occasional disturbances 


| 
| 
| 
Lie 
a | 
| 
= 
| 
| 
3 
| 
| 
| | 
: 3 $4) 
a 
a 
| 
| 


92 E. S. MEIZEROV 


of the higher nervous activity were observed (equalizing and, exceptionally, paradoxicai 
phases) and a decrease of positive conditioned reflexes. In contradistinction to the 
two previous dogs, in the beginning of the test with “Dunai” fluctuations not only 
of the conditioned reflexes in separate tests but also of the average quantity of salivary 
secretion per month were observed. Moreover, changes in the higher nervous activity 
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Fic. 3. A — Course I of irradiation; B — Course II of irradiation. Abscissa: time in months In. — Ist 
month of norm, 2n.— 2nd month of norm, lob. — Ist month of irradiation etc. P — month of in- 
vestigation. lu. — Ist month of initial background before the 2nd course etc. Curves: I — experiments 
with normal higher nervous activity; Il — experiments with decline of differentiation; III — experiments 
with phasic phenomena; IV — experiments with decrease of positive conditioned reflexes; V — experi- 
ments with refusals of food. Period of irradiation designated by vertical dotted line. 


were revealed in the training process, which compelled us to prolong the period of 
preliminary discipline of the animal to 2 years in order the better to study the conditioned 
reflex background and to achieve as far as possible his stabilization. The dog was 
submitted to a course of X-ray irradiation with single doses of 15 r. The amounts 
of total secretion, of salivary secretion in response to the differentiating stimulus, 
and the haematological indices of “Dunai” are given in Fig. 4. 

The changes of the higher nervous activity of this animal can be divided into 
3 periods: 

Period I lasted 43 days, from the beginning of irradiation to the attainment of an 
accumulated dose of 525 r. Reliable changes of positive conditioned reflexes were 
lacking. The leucocyte content in the peripheral blood at this time droped to 3800 mm, 
the content of red cells and haemoglobin remained normal. At the end of this period 
the caffeine test indicated a weakening of the stimulating and braking processes. 
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Period II, which lasted 34 days, until the attainment of an accumulated dose of 
1130 r, was characterized by a continuous decrease of positive conditioned reflexes. 
As the salivary secretion in response to the differentiating stimulus did not decrease, 
so the ratio between the quantity of salivary secretion in response to the differentiation 
and the quantity of the secretion in response to the positive stimulus coupled with 
the differentiation increased. When the accumulated dose of radiation reached 735 r, 
the absolute quantity of salivary secretion in response to the differentiating stimulus 
increased also. 
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Fic. 4. Abscissa: time in days, gradual accumulation of dose of irradiation with daily dose of 15 r 
designated by little arrows. Ordinate: S — total salivary secretion in response to positive stimuli on 
scale divisions (4 divisions equal one drop). D — salivary secretion in response to differentiation in 
scale divisions. L — leucocytes in thousands per mm} of blood. E — red cells in millions per mm3 
of blood. G — haemoglobin in per cent according to Sahli. Period of irradiation designated by vertical 
dotted line. “ +* designates experiments in which the dog did not take food at all. 


Against a background of general increasing deterioration of conditioned reflex 
activity in a series of experiments, the conditioned reflexes did not differ from the 
initial extents. (The number of leucocytes towards the end of the period droped to 
2000/mm3, the number of red cells, from 6-33 « 10° to 5-63 x 106 the content of haemo- 
globin from 117 per cent to 100 per cent according to Sahli). 

In period III, of duration 74 days, from the attainment of an accumulated dose 
of radiation of 1125 r to the end of irradiation and further, to the death of the animal, 
the changes of conditioned reflex activity noted in the previous stages increased sharply. 
The variability of conditioned reflexes intensified. 

Whereas the positive conditioned reflexes decreased, the salivary secretion in response 
to the differentiation increased, and its average quantity per month exceeded the average 
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quantity responding to the positive stimulus coupled with it, i.e. the figures for con- 
ditioned reflex secretion averaged out for the month show an ultraparadoxical ratio. 

Serious disturbances of the higher nervous activity made their appearance, with 
complete absence of reflexes to all artificial arranged stimuli, and refusals of food 
throughout the whole test. These or other deviations from the normal were observed 
in nearly all the tests, though there would be isolated occasions of completely normal 
conditioned reflex activity. 

During this period the number of leucocytes droped from 2000 to 1000/mm}, of 
red cells from 5-63 to 2:87 x 10° and the haemoglobin content from 100 to 56 per cent 
according to Sahli. The external symptoms of radiation sickness-inertia, adynamia, 
refusals of food, rise of temperature — appeared only 3 days before death. 


RESULTS OF PATHOMORPHOLOGICAL INVESTIGATION 


On post-mortem the same type of phenomena came to light in all three dogs. First 
and foremost the attention was drawn to acute anaemia of all the organs and tissues, 
and hydremia, which fully corresponded to the results of the haematological investi- 
gations in the last period of the animals’ life. The internal organs were dystrophied. 
There was catarrh of the stomach and small intestine and severe oedema of the lungs. 
On macroscopic investigation, in not one of the animals were signs of concomitant 
diseases found. 

CONCLUSION 

In the course of the changes in the higher nervous activity in the three dogs there 
were common features and differences. The differences might have been conditioned 
by the unequal distribution of the doses in times and by typological and also individual 
peculiarities of the animals. 

In “Top” and “Jack” the types of higher nervous activity were similar (both dogs 
belonged to the weak type of nervous system), and irradiations in both cases were 
conducted in two courses. 

In both dogs during the first month of irradiation a fall in positive conditioned 
reflexes was observed, whereas the differentiations remained normal. We think that 
this fall was caused by weakening of the functional capacity of the cortex, as in both 
cases the normal strength ratios between the reflexes in response to different stimuli 
were disturbed. In the second month of irradiation the higher nervous activity in 
both dogs shows a tendency to improvement, but in the third month of irradiation 
slight recessions were found. 

A discrepancy came to light in the after-effects of the first course of irradiation. 
With “Top” in this period there appeared a tendency to normalization of conditioned 
reflex activity, whereas with “Jack” the background of conditioned reflex sharply 
deteriorated. This could be explained by the fact that the accumulated dose of radiation 
in “Jack” amounted by then to 830 r, and it exceeded by more than three times the 
dose accumulated by “Top” (249 r). 

After interruption of the work the higher nervous activity improved in both dogs. 
This improvement was much more marked in “Top” in whom according to a number 
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of indices the conditioned reflex background was better than the initial level, whereas 
in “Jack” the conditioned reflex activity corresponded to the upper limit of the norm. 
This phenomenon was observed before by a number of researchers (Nemenov [15], 
Livshits [11], Briukhanov [1], Lomonos [12] and others). Nemenov deemed this 
improvement apparent, linked with the weakening of the reaction of the cortex to 
accidental attendant phenomena. Lomonos made a detailed study of the phase of 
improvement of the higher nervous activity of the dogs into whom Co was injected. 
Special experiments with the injection of caffeine and the summation of positive stimuli 
showed that the functional capacity of the cortical cells was retained at this period. 
In our tests special experiments with the strength of the stimulating and braking 
processes and their liveliness in “Jack” in this period, when by external observations 
his conditioned reflex activity corresponded to the upper limit of the norm, also con- 
firm that functional capacity of his cortical cells was maintained at a high level. The 
caffeine test and the summation test with “Top” in the period of enhancement of 
conditioned reflexes show that the functional capacity of the cortical cells not only 
maintained the initial level but distinctly exceeded it. The last fact, if one takes into 
account that the braking process was not weakening, is difficult to reconcile with the 
idea that the improvement of the higher nervous activity in this phase was only apparent. 
Not having in our tests any data indicative of a weakening of the function of the cortex 
in the period under review, we think it possible to admit the existence of a phase of 
actual improvement of the higher nervous activity in the irradiated animals; but as 
in the period of the phase of improvement of the higher nervous activity the haema- 
tological indices bear witness to disturbance of the blood-making function, it cannot 
be an indication of harmlessness of the irradiation. However, in the sequel, propor- 
tionately with accumulation of the dose of radiation, the development of conditioned 
reflexes higher than the initial level in both dogs was accompanied by a lessening 
of the differentiation and later quickly gave place to sharp deterioration of the higher 
nervous activity. Consequently the increase in the quantities of conditioned reflexes 
in the irradiated animals may be linked as well with the improvement as with deteriora- 
tion of the higher nervous activity, and the improvement can be both true and illusory. 
If one looks at the course of changes in the higher nervous activity in the light of the 
struggle of the strictly pathological and compensatory processes, then the phase of 
improvement of the higher nervous activity can be understood as a phenomenon 
of compensation. The occasions of normal higher nervous activity in the last period 
of the life of “Dunai” must be regarded in the same way. 

Significant disturbances of the higher nervous activity in all the dogs began much 
later than the serious leucopenia appeared. Movements of the red blood indices also 
took place at this time, but they were less sharply pronounced. 

Parallelism in the growth of symptoms of a weakening of fundamental cortical 
processes and anaemia were clearly marked only in the pre-mortal period. In the 
other periods, however, such parallelism was absent and deterioration of the higher 
nervous activity was not accompanied by significant changes in the content of red 
cells and hemoglobin. This does not enable us to consider anaemia as the chief cause 
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of disturbance of the cortical function. But, of course, on those occasions when anaemia 
became considerable it might play a substantial role in the phenomena reviewed by us. 

The author expresses sincere thanks to Doctor of Biological Sciences N. N. Livshits 
for daily guidance of the present work. 


SUMMARY 

(1) On X-irradiation with fractionated doses serious disturbances of the higher 
nervous activity occur 3-4 months earlier than the appearance of marked external 
symptoms of radiation sickness, which confirms the high degree of sensitivity of the 
cortex to this form of irradiation. 


(2) Whole-body X-ray irradiation with fractionated doses, on reaching a total 
dose of 500 r, caused significant weakening of both the stimulating and the braking 
processes and a lowering of the functional capacity of the cells of the cortex. 


(3) In all our tests during the most serious disturbances of the higher nervous 
activity unconditioned reflexes remained normal. 


(4) In some cases with irradiated animals a phase of improvement of the higher 
nervous activity was observed. This improvement was not imaginary, as Nemenov 
suggested, but true, as was confirmed by special experiments. In the following phase 
the increase of conditioned reflexes was accompanied by a deterioration of the higher 
nervous activity. 

(5) The phase of improvement in the higher nervous activity in irradiated animals, 
as also the occurrence in the pre-mortal period, occurred against a background of 
serious disturbances of the cortical function, as measured by isolated tests with normal 
conditioned reflexes: we understand it as a manifestation of a compensatory process. 


Translated by D. BuRION 
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METHODS AND APPARATUS 


FLUORESCENCE MICROSCOPY OF BIOLOGICAL 
OBJECTS USING LIGHT FROM ABOVE* 


E. M. BRUMBERG 


(Received 6 February 1959) 


THE main difficulty in studying the living organs of experimental animals under the 
microscope lies in the impossibility of obtaining a distinct picture of the microstructure 
of tissue with the usual microscope when the organ is illuminated from the direction 
of the observer. Under such conditions the light reflected towards the observer by 
a single cell, and even more so by individual parts of a cell, is very weak and cannot 
compete with the light scattered by the over- and under-lying cell layers and that 
reflected from the objective lens. 

Another possible method of observation is based on the examination of cells not 
in the light reflected by them, but against the background of the light scattered by 
the deeper layers of the object and returning into the microscope objective, i.e., 


* Biofizika 4: No. 4, 471-475, 1959. 
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of observation. 


(1) The fluorescent light is emitted by the investigated object equally in all directions, 
no matter from what direction the object is illuminated by the rays exciting the fluore- 
scence. Hence in this case illumination by transmitted or incident light can be employed, 
the latter method even possessing several advantages. 

(2) The stains applied in fluorescence microscopy — fluorochromes — are used 
in very small concentrations. Hence they are easily conveyed directly from the surface 
or by the blood stream to any parts of the organ under investigation, and have practically 
no effect on the normal state and function of the cells. 

Fluorescence microscopy, based on the employment of fluorochromes (the 
intrinsic fluorescence of most animal tissues is rather weak), thus permits a study 
of the cellular structure of living organs in the surface layer facing the microscope, 
and an investigation of the formation and transport of certain substances in the organ. 
In this method, however, we encounter several dificulties, which are nevertheless 
gradually being overcome. 

The first of these difficulties is due to the relatively low yield of fluorescent light; 
no more than a few per cent of the light energy incident on the preparation is re-emitted 
as fluorescent light in the direction of the observer. Considerable losses of light occur 
even with the opaque illuminator, by means of which the rays exciting the fluorescence 
are directed on to the investigated object through the microscope objective. Light 
losses with the opaque illuminator have been successfully eliminated recently by the 
employment of a special opaque illuminator with an interference dividing mirror. 
We described such an illuminator earlier [1, 2] and we also discussed certain other 
conditions of correct illumination of the preparation in fluorescence microscopy. 

Other difficulties are due to the nature of the object itself: surface irregularity 
of the organ and its constant quivering motion owing to the pulsation of the blood, 
respiration of the animal, peristalsis (involuntary movement of the gut) and several 


other reasons. 


in effect, by transmitted light. In a living organ, however, this method only permits 
the examination of pigments, which possess an intrinsic colouring, and not individual 
cells, which are almost completely transparent in visible light. Staining of structures 
in a living organ with the usual vital stains is extremely difficult and fails to bring 
out many details of cell and tissue structure which are of interest to the biologist. 

Recently physicists and biologists have devised a number of new methods which 
permit a study of the structure and even of the chemical composition of living cells, 
for example, phase-contrast and interference microscopy, and ultra-violet and fluo- 
rescence microscopy. Unfortunately most of these methods are applicable only to 
fine sections (such as isolated cells or thin layers of cells in a tissue culture), which 
can be examined in transmitted light. 

Fluorescence microscopy using incident light has already been employed with 
success by biologists for the study of living animal organs, and we have merely striven 
to make some improvements in the apparatus used for this purpose and in the methods 


examination of the fine structure of cells under magnification and restricts the oppor- 
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The following features of this method are of particular significance. 


The constant quivering of the living organ seriously complicates the 
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tunities for photography. This is obviously the reason why no foreign works until 
recently, as far as we know, have reproduced photomicrographs of living cells in entire 
organs, taken in fluorescent light with microscope objectives of medium or large aperture. 


In his investigations of lung tumours in mice Moroz [3] made considerable progress 
in this direction by using a special device which smoothed out the surface of the organ 
at the point of observation and held that point in a motionless condition. This device 
was a small cap, mounted on a normal dry or immersion lens, and ending in a cover 
slip cemented to its base. The objective was lowered on to the exposed organ of the 
deeply narcotized animal on the microscope stage and by pressing the cover slip of 
the cap lightly on the organ, its surface was smoothed out and the movement at that 
part was eliminated. The depth of focus within the organ was controlled by changing 
the distance between the front lens of the objective and the cover slip by means of 
a suitable threaded collar on the cap. With this device Moroz observed and photo- 
graphed the cell structure of living lung with low- and medium-power objectives, as 
well as with an immersion lens 90 1-25. 


In this paper we describe some of our experiments to improve the optics of the 
fluorescence microscope for intravital study of animal organs, and we give some con- 
sideration to the means of developing it further. 


1. Contact objectives for fluorescent microscopy 


For intravital fluorescent microscopy we employed special immersion objectives 
with a front lens in which the layer of immersion fluid was replaced by a corresponding 
glass layer (Fig. 1, A). For this purpose it is simplest to use typical homogeneous 
oil immersion objectives, for which the replacement of the oil by glass does not require 
a complicated re-calculation of the optical system of the objective. It is quite feasible 
to cement a glass cylinder of the required thickness to a ready-made immersion objective, 
as we did in our early experiments. The thickness of the glass cemented to the front 
lens of the objective is taken as 10-40 yu less than the working distance of the objective 
(including the thickness of the cover slip for objectives designed for work with a cover 
slip). The depth of focus within the organ (distance d on Fig. 1, A) varies for objectives 
of different power. By this method we modified two immersion objectives — 90 « 1:25 
and 300-65. In the set of objectives for intravital fluorescent microscopy there 
should also be a weaker, but sufficiently large-aperture objective, for instance a 10 x 0-40 
objective. However, the making of such a lens by replacing the air gap by “glass 
immersion” requires a special recalculation of the system. 

During observations the objective with the built-up lens is lowered till it touches 
the surface of the organ, which is moistened with physiological saline, and the objective 
acts on the surface in the same way as Moroz’s cap described above. 

Focussing of a particular plane within the investigated organ in the eyepiece field 
is effected by an appropriate shift of the whole eyepiece along its optic axis or, what 
is much more convenient, by means of an addition optical system mounted inside 
the microscope tube (lenses 4 and 5 in Fig. 1, A). Altering the distance between these 
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lenses, as by an upward or downward shift of the positive lens, produces a corresponding 
change in the effective length of the microscope tube and hence a shift of the image 
of the field diaphragm of the eyepiece within the object. 


Fic. 1. A; 1 — object; 2 — built-up front lens; light-dividing plate of opaque- 
illuminator: 4 and 5 — focussing system; 6 and 7 —filters. B and C — different 
forms of front lens of needle-microscope. 


Alteration of the effective tube length of the microscope from its calculated value 
for each objective introduces additional aberrations in the image of the object. 
Microscopists know, however, that the majority of microscope objectives permit 
an alteration of the tube length by 10 mm on either side of its nominal value without 
exceeding the permissible limits of aberrations. This gives the following ranges of 
focus within the object: 

For objective 90 x u 
For objective 30x — 20 u 
For objective 10» — 200 u* 


These ranges of focus within the object meet the requirements of work with low- 
and medium-power objectives since deeper penetration into the object (different for 
objectives of different powers) would result only in a loss of image quality owing to 


* It would be more accurate to determine the permissible alterations of tube length for each 
objective separately, according to its designated performance. 
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the scattering of light in the tissue layers lying between the focussed plane in the object 
and the objective. Special systems with a correcting mount should be used for the 
high-power objectives. These permit a considerable increase in the permissible altera- 


Fic. 2. Photomicrographs of portions of live organs of experimental animals in fluorescent light: 
a — portion of mouse lung, b — small blood vessel in connective-tissue layer of peritoneal region of 
frog testis. Fluorochrome: acridine-orange; concentration 1:10,000; contact objective 300-65. 


tion of the optical length of the microscope tube. In working with such objectives 
the correction of the objective should first be set to the required depth of focus in 
the object. The objective should then be lowered on to the surface of investigated 
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organ and the details of the microstructure brought into focus by the appropriate 
alteration of the optical length of microscope tube within the permissible limits. The 
correction of the objective can also be altered without disengaging the objective from 
the organ under study. 

Alteration of the tube length by a shift of the eyepiece, which does not alter the 
illuminating system of the instrument, leads to the non-coincidence within the object 
of the plane focussed in the microscope and the plane on which the image of the light 
source is formed or, as is usually the case, of the field diaphragm of the illuminator. 
In this case there is a reduction in the luminance of the layer of cells examined in the 
microscope, and an increase in the unwanted fluorescence from layers located outside 
the focus of the microscope. This effect is particularly serious in the case of dark- 
field illumination, which we describe later. A compensation for this non-coincidence 
of the plane of observation and illumination may be made each time the eyepiece is 
shifted, by re-focussing of the field diaphragm of the illuminator in the microscope 
field, but this is inconvenient. When the additional optical system shown in Fig. | 
is located between the opaque illuminator and the objective, it can be used to alter 
the optical length of the microscope tube without producing a lack of coincidence 
between planes of observation and illumination in the object. 

Fig. 2 shows photomicrographs of a portion of the lung of a live mouse (a) and 
a small blood vessel in the connective tissue interlayer of the peritoneum in the region 
of the testis of a live frog (6). These were taken with the fluorescent microscope and 
a contact objective 300-65. The fluorochrome was acridine orange in concentration 
1 : 10,000. 


2. Fluorescent microscope with needle-objective 


In a number of cases we require much deeper penetration into the investigated 
organ than is possible with the contact objectives described above. For this purpose 
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Fic. 3. Diagram of needle-microscope objective, according to Maksutov. The plane 
face c-d of the front lens reflects into the objective the rays coming from the 
point O under observation. 


we used objectives with a thick front lens, sharpened on the object side to form a 
truncated cone as shown in Fig. 1, B. The area of the end of the cone has a diameter 
equal to that of the objective field or a little less than it. Such an objective can be 
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sunk several millimeters into soft tissues — for instance into brain tissue or hollows 


between organs*. 

In 1933 Maksutov [4] suggested an ingenious design for a needle-microscope objecti- 
we, which by piercing the tissue permitted a penetration into the deep-lying organs 
of animals and man. A diagram of the objective of this microscope is reproduced 
in Fig. 3. This means of microscopic examination of human organs without serious 
surgical interference is of great interest, for instance, in the diagnosis of certain kinds 
of tumours in internal organs. Yet, the usual method of illuminating the object by 
visible light through the microscope objective, as suggested by Maksutov in this case, 
cannot give the desired result for the reasons mentioned above. By changing over 
to observations in fluorescent light, where the tissue under the front surface of the 
objective is soaked in a fluorochrome solution, we can return to this fascinating idea 
of a needle-microscope. 

In conclusion we must discuss one further question which is of great importance 
for work with thick preparations — this is the question of means of preventing glare 
in the field of view due to the fluorescence of layers of the object lying outside the 
focus of the microscope. Interference from this excess fluorescence, which seriously 
reduces the image contrast, is greater the higher the objective aperture, and makes 
the image less distinct. We indicated certain methods of eliminating this excess light 
in another paper [1]. Here we will consider one other means of increasing the image 
contrast in the observation of the microstructure of thick objects in fluorescent light, 
this method being based on the use of annular illumination of the object by light 
exciting its fluorescence. In the fluorescence microscope such illumination can be 
realized, without resorting to low-aperture lamps of the epicondenser type with high- 
aperture objectives, by separating the rays within the aperture angle of one objective 
by means of a light filter. 

For this purpose a thin two-colour light filter can be mounted in the outlet pupil 
of the microscope objective, as shown in the sketch in Fig. 4. The outer ring of the 
light filter (oblique shading) transmits only the blue rays, while the central circle 
(unshaded) passes all the visible rays except blue (yellow filter). In addition, the 
illuminating system of the microscope, as usual, carries a blue filter, while the eyepiece 
carries a protective yellow filter crossed with it. In these conditions the object is 
illuminated by the exciting light from a full cone of rays within the inner part corresponp- 
ing to the yellow circle. The observer examines a fine layer of cells on the background 
of the upper and lower dark cones, within which the object does not fluoresce; the 


* The plane of section of the front lens cone can also be inclined to the optic axis of the objective 
as shown in Fig. 1, C. In this case the objective is sharper, but at the same time it brings into clear 
focus only a strip occupying part of the microscope field of view, of width dependent on the inclination 
of the front plane section of the lens. By changing the optical length of the microscope tube, it is 
possible to shift this strip from one edge of the field to the other, thus examining the whole field in 
parts. If the refractive index of the front-lens cone is chosen close to the mean refractive index of 
the tissue of the organs under study (about 1-54), then in the very lowest position of the eyepiece it 
will be possible to see almost the entire field of the microscope in focus at the one time. 
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fluorescent light emitted outside these dark cones does not reach the observer’s eye 
or the photographic plate owing to the presence of the annular blue filter. In view 
of the fact that here there must be a sharp division of the aperture of the object into 
two parts, the colour filter cannot be mounted exactly in the objective pupil, and 
must be placed behind the objective. 


Fic. 4. Diagram of dark-field illumination of object in fluorescent microscopy. 


With such illumination, of course, we lose some of the brightness of the fluorescence 
of the object, as compared with work without the filter, but on the other hand we 
gain in image contrast. 


A similar effect can be obtained by mounting a central stop of suitable diameter 
in the plane of the aperture diaphragm of the lamp and a diaphragm restricting the 
size of the pupil in the outlet pupil of the microscope over the eyepiece. 

The author expresses his thanks to T. I. Sokolova and V. A. Malysheva for the 
help given by them in the making and testing of the contact objectives for the fluorescent 
microscope described. We also express our gratitude to I. la. Barskii who assisted 
in all the experimental work described in this paper. 


Translated by F. SINCLAIR 
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THE TELEVISION MICROSCOPE — AN EXAMPLE OF THE 
APPLICATION OF PHYSICAL METHODS OF RESEARCH 
IN BIOLOGY* 


L. A. Fepin and L. S. AGROSKIN 


(Received 21 January 1959) 


THE first television microscope was constructed in 1934 [1]. The idea of the electrical 
transformation of an optical image was aimed at overcoming the limited opportunities 
for light microscopy in the study of living cells. 

The image of living unstained biological material in visible light usually shows 
little contrast. The observation of the specimen in ultra-violet (u.v.) rays, where the 
contrast is increased due to the selective absorption of cell elements in the 230-300 my 
region requires intense irradiation (owing to the low efficiency of the transforming 
devices such as the fluorescent screens which convert the invisible image into a visible 
one). Such irradiation soon kills living material and may produce photochemical 
changes in fixed material. Hence the idea of converting an optical image into an electro- 
nic one, the contrast and brightness of which can be altered electrically, independent 
of the illumination of the specimen [2, 3], is of great interest. 

Zworykin designed the first successful instrument for transmitting a u.v. micro- 
image on to a television screen. This instrument, which consisted of a light microscope 
and a television device with quartz iconoscope, was the prototype for several later 
instruments. When it was improved along with the development of optical and radio- 
engineering equipment, the television microscope became a flexible instrument for 
various quantitative studies. With its help it became possible to measure the trans- 
mission coefficient of micro-objects, their number and distribution as regards size 
and shape. 

General questions of the use of television techniques, particularly in microscopy. 
have been discussed [4—7] and a description of different systems of television microscopes 
has been given [8-10]. The present review covers almost all the information in the 
literature relating to the application of television microscopy to the solution of biological 
problems. 


BASIC SCHEMES OF TELEVISION MICROSCOPES 


Depending on the mode of illumination of the object, existing television microscopes 
can be divided into two groups: (a) instruments projecting the image onto a camera 
tube and (b) instruments operating on the flying-spot principle. 


* Biofizika 4: No. 4, 476-482, 1959. 
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The camera-tube microscope. This is a combination of the optical microscope and 
a television receiver [11]. The basic arrangement of such a device is sketched in Fig. 1. 
The preparation 3 is illuminated by a light source / through the condenscr 2. The 
microscope objective 4 and the eyepiece 5 project the image of the preparation on 
to the photosensitive layer of the camera-tube 6. The latter transmits the image to 
the screen of the kinescope 8 through a standard circuit 7. 


3 

2 

| 
Fic. |. Basic arrangement of camera- Fic. 2. Basic arrangement of flying- 

tube television microscope. spot television microscope. 


The flying-spot microscope. The term “flying spot” referring to microscopy implies 
the optical scanning of the preparation by a moving beam of light [12]. The first works 
on the development of the flying-spot microscope are associated with the names of 
Bebb [13], and Young and Roberts [14]. In the instruments of these authors the 
microscope works in the reverse path of the rays and projects onto the preparation 
a highly reduced image of the raster of a cathode-ray tube which serves as a light source. 
The light receiver is a photomultiplier mounted behind the condenser. With this 
arrangement all the points on the preparation will be illuminated not at once, but 
sequentially — as the ray forming the raster moves over it. At any instant of time 
the intensity of the transmitted light is proportional to the transmission of the corres- 
ponding point of the preparation. The output signal from the photomultiplier is fed 
through the electronic system to the kinescope, the scanning of which is synchronized 
with the flying-spot tube. As a result, an image of the object is reproduced on the 
kinescope screen. The basic scheme of such a microscope is shown in Fig. 2, where / 
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is the flying-spot tube, 2 the eyepiece, 3 the microscope objective, 4 the preparation, 
5 the condenser, 6 the photomultiplier, 7 the electronic system and 8 the kinescope. 

The basic characteristics of the elements of each arrangement will be pointed out 
below in a description of different models of microscopes. 


QUALITATIVE AND QUANTITATIVE MICROSCOPIC RESEARCH BY MEANS OF TELEVISION 
DEVICES 
Morphological investigations. The suitability of using the television microscope 
as of any other new instrument, depends either on the amount of extra information 
obtainable with the instrument, or its simplicity of operation. Since the light microscope 
is designed mainly for morphological studies, it follows that we should first of all 
consider the possibilities of the television microscope in this repects. 

Since the optical image is converted into a series of electrical signals in the tele- 
vision microscope, we can regulate the contrast, brightness and scale of the image 
by purely electronic methods. With these properties in mind, Parpart [15, 16] applied 
a camera-tube microscope, sensitive in the 360-450 mu region, to the observation 
of erythrocytes, with a magnification of 5000. Here he was able to observe easily the 
movement of granular particles of size 0-2-0-4 » in the cells, and this enabled him 
to conclude that there was no fine reticular structure within the erythrocytes and to 
explain the reason for the alteration of the external appearance of erythrocytes in 
haemolysis. Parpart pointed out that the image contrast on the television screen was 
better than in the phase-contrast microscope. A still better effect, however, could 
be obtained using phase-contrast and television devices in conjunction [16, 17]. 

The high brightness of the screen permits the image to be photographed with short 
exposures, which is a particularly important for cinematography. Chahen [18] described 
a television microscope with a cine-camera synchronized with the vertical sweep of 
the kinescope. Chahen’s microscope (objective 60 x 1-05; 819 lines; 25 frames per sec) 
reproduced a distinct image of a weakly illuminated object with a high degree of 
resolution. By converting the positive image on the screen to a negative one, the author 
obtained a positive film and this did not require reprinting for projection. This method 
was also employed by Fehse [19], Lowenthal [20] and Allard [21]. 

A camera-tube microscope can also be used for transmitting an image in natural 
colours by means of any system of colour television. Information on this particular 
aspect is given by Brown [22] who observed and photographed from the screen the 
blood circulation in frog mesentery and liver with satisfactory magnification. The 
colour film which he obtained contained details which could not be detected in direct 
photography. 

The principal component of the television system is the camera tube, which converts 
light and shade into electric signals. It must be characterized by high sensitivity, low 
lag and low noise level. In television microscopy special importance also attaches 
to the dimensions of the tube and the simplicity of its control. In the works of various 
authors use has made of photoemissive tubes (superorthicon [11, 23], photicon [23], 
orthicon [24]) or of tubes with a photoconducting target (vidicon [I1, 17, 23, 25], 
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staticon [20, 21]). The latter appeared most suitable owing to their compactness, 
simplicity and the linearity of the light characteristic. These tubes, however, are less 
sensitive and have a greater lag than photoemission tubes. Hence for observing fast- 
moving objects Kohler [23] and Zworykin [26] recommend photoemissive tubes. 
The properties of different light-receiving devices for microscopy have been discussed 
also in Gérlich’s review [27]. 

The television microscope is hardly likely to find wide application in the visible 
region of the spectrum. In fact, the experience of the works cited above has shown 
that the objects which can be studied in visible light are mainly stained preparations, 
which are visible in the ordinary microscope. In any case it is doubtful if the advantages 
of television technique in visible light would justify the complexity and high cost of 
the apparatus. (Here, of course, we are not considering instruments for special purposes, 
such as a microscope for projecting images on a large screen, or for remote observation 
of radioactive preparations). However, if the television system is supplemented with 
devices for absorption and other measurements, the value of such an instrument for 
biological research is beyond dispute. 

The advantage of the television microscope is the opportunity it gives of studying 
unstained material in u.v. light, owing to the selective absorption in this region by 
nucleic acids, proteins and other compounds. The television system for u.v. microscopy 
must have a camera tube with a quartz or uviol window and a photo-layer sensitive 
to u.v. rays [17, 25, 28, 29]. 

Zworykin [26, 30. 31] applied in a television microscope the method of colour 
translation suggested in 1939 by Brumberg. This method consists in obtaining a many- 
coloured image. in which the relative intensity of the three primary colours — red, 
green and blue —is proportional to the transmission or absorption of the specimen 
at the three u.v. wavelengths chosen. If the wavelengths are chosen to correspond 
to the characteristic absorptions of the constituents of the specimen, the colour picture 
brings out clearly the difference between the constituents. 

The first model of a u.v. television microscope employing colour translation con- 
sisted of a mercury lamp, monochromator, reflecting microscope, vidicon and a colour 
receiver. A rotating three-stage sector mirror directed three monochromatic beams — 
254, 313 and 436 mu — into the microscope in sequence. The vidicon signals were 
transmitted to a three-colour kinescope synchronized with the rotation of the mirror. 
The vidicon employed was a u.v. modification of a standard vidicon [32]. The good 
spectral sensitivity extending to 230 my, and the high quantum yield in the u.v. region 
make this tube an essential for u.v. television microscopy. The lag of the vidicon, 
however, does not permit operation at speeds of more than 30 frames per sec. Hence 
on the screen of Zworykin’s microscope there was observed a colour flicker, which 
led him to change over to a machine employing a superorthicon, and then to an 
arrangement with three vidicons working in turn. The illuminating system of the last 
model consisted of three pulsed light sources with three monochromators, the light 
from which fell successively into the microscope. This system supplied any combination 
of three wave-lengths, which is essential for obtaining optimal colour contrast. The 


F 
@ 
A 
1 


Television microscope — example of application of physical methods of research 109 


objects of observation were connective tissue cells, amoebae, paramecia, etc., which 
do not display any appreciable reaction to u.v. radiation. The author made special 
note that haemoglobin or chlorophyll, present in too small quantities in the preparation 
to impart appreciable coloration, gave rise to striking colour contrasts in the u.v. 
colour-translation television microscope. 

The flying-spot technique in microscopy was developed by Roberts and Young 
(England) and Montgomery (U.S.A.). The first two designed a microscope for the 
visible region and applied it mainly to the counting of stained particles [14, 33-35]. 
Montgomery employed scanning of the preparation by u.v. rays [36-38]. 

The flying-spot system has the following specific features: 

(1) Although the usual kinescope is a flying-spot tube, it is unsuitable for illuminating 
the microscope owing to the large size of the spot, lack of brightness and long afterglow. 
With 625 scanning lines and a speed of 25 frames per sec the number of raster elements 
in a second is of the order 625 x 625 «25 ~ 107. Hence the length of afterglow must 
be no more than 10~7 sec, otherwise the photomultiplier will receive light not only 
from that point of the raster at which the flying-spot is found at a particular moment, 
but also from preceding points. The time and spectral characteristics of various 
phosphors for scanning tubes are discussed in [39]. In particular, the one recommended 
for the u.v. region is ZrP, O- which has a maximum emission at 285 my, an efficiency 
of 3-5 per cent. 

(2) Distortions of the video signals, due to aberrations of the microscope objective, 
can be corrected electrically, since the action of the objective is equivalent to that 
of a quadripole with particular amplitude and phase characteristics. 

(3) Young and Roberts [14] pointed out that it was possible to increase the resolving 
power of the flying-spot system on the basis of the following considerations. In the 
usual microscope, where all points of the preparation are illuminated at once, the 
limit of resolution is set by the diffraction and interference of light passing through 
neighbouring points of the object. With scanning, however, the signals from two 
neighbouring points of the preparation are separated in time, and thus the interaction 
of light waves from these points is eliminated. No special studies of the resolving 
power have been made. 

(4) The spectral capabilities of the flying-spot microscope are less than with the 
camera tube type, since the composition of the emission of the scanning tube depends 
on the properties of its phosphor. In practice this fault is of littke moment, since in 
the majority of cases it can be limited to relatively narrow spectral intervals, especially 
in the u.v. part of the spectrum. 

(5) From the viewpoint of electronics, the photomultiplier as a receiver is pre- 
ferable to the camera tube owing to its low noise level and the linearity of the light 
characteristic. 

(6) The scanning method makes it possible to observe living cells in monochromatic 
u.v. light over a long period. It can easily be calculated that even with the number 
of raster elements equal to 14,400 per sec [37] the irradiation of each point of the 
preparation does not exceed 1-5 sec over 6 hr work. A great merit of the system lies 
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also in the fact that the investigator can stop the flying spot at will on any point of 
the preparation, thus localizing the action of the radiation. 

Montgomery’s researches [36-38] illustrate the application of the flying-spot 
technique in cytology. Montgomery’s equipment had a scanning tube which emitted 
u.v. light and worked at a scanning speed of from 12 frames per sec to 1 frame per 
10 sec, with 240 scanning lines. He employed a Grey reflecting microscope with aperture 
0:75. Behind the microscope there was mounted a monochromator with a diffraction 
grating, which isolated a spectral region of 10 mu with a maximum at 268 mu. 
A photomultiplier was located behind the exit slit of the monochromator. The apparatus 
was equipped with two kinescopes: one with a prolonged orange afterglow (for ob- 
servation), the other with a blue glow (for photography). The low level of illumination 
necessitated an artificial increase in the signal-to-noise ratio, and for this purpose the 
author photographed several vertical sweeps on one picture frame. The signal-to- 
noise ratio in this case was increased in proportion to the square root of the number 
of frames taken together. 

By means of Zeitraffer photography, Montgomery studied the effect of prolonged 
u.v. irradiation on living cells of three types: human cancer cells, connective tissue 
cells of human foetuses, and salamander heart. Over a period of 9 hr he was able 
to study the life of the cells without their being noticeably damaged. Even in the mitosis 
phase, which is the most sensitive period in the life of cells, the flying spot did not 
injure them. With increasing irradiation the optical density of the nucleus increased. 
the density of the cytoplasm became less, and finally the cell perished. Each cell, 
however, reacted to light in its own way; no two cells, even of one type. responded 
equally under irradiation. 

It was possible to damage individual parts of the cells (diameter up to | w) without 
damaging the remaining part. There is no need to dwell on the importance of such 
experiments. 

Absorption measuremea:s. Caspersson’s works laid the foundation of a new line 
of cell research — quantitative cytochemistry, based on the measurement of the 
absorption of cell structures in the region. The usual methods of photometry lead 
to considerable errors owing to the physico-chemical nature of the object. Caspersson 
[40] and Brodskii [41] devised a means of reducing the errors, which consisted of the 
photometry of a series of consecutive points of the preparation or its image. By 
integrating the absorption curves obtained in this procedure the mean concentration 
of the absorbing substance can be measured, and its content determined when the size 
of the cell is known. 

The photoelectric modification of the Caspersson-Brodskii method of consecutive 
cytophotometry requires the employment of some kind of special scanning device [42]. 
Since the scanning principle lies at the base of television technique, the television 
microscope can be easily adapted to absorption measurements [43]. For this purpose 
the line scanning generator is connected up to a special circuit which synchronizes 
the horizontal scanning of an additional oscillograph with a selected line of the 
television raster. The vertical scanning of the oscillograph is controlled by a video 
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signal. As a result the oscillograph screen reproduces the curve of distribution of the 
absorbing surface along the scanning direction. The line selected for analysis is observed 
on a kinescope screen. 

The microscopes of Bessis [29], Loeser and Berkley [24], Zworykin [26] and Williams 
[44, 45] were equipped with measuring circuits similar to that described. All these 
instruments possessed a monochromator for isolating narrow spectral portions in 
the u.v. or visible region, and the light-receiving element was a vidicon in which the 
light characteristic is linear. On the oscillograph screen of Zworykin’s colour microscope 
scanning by any of the three colour components was possible. In their investigations 
of absorption and fluorescence of stained nuclei Loeser and Berkley employed, besides 
raster scanning of the image, a single-line scanning of the preparation by a flying spot. 

By means of the television microscope Williams, who employed the tetrazolium 
method, studied the localization of enzymatic activity in mouse ascites tumour cells. 

In present practice this method is based on the reduction of tetrazolium salt to 
formazan, which absorbs in the blue-green region. Owing to the weak staining of 
the preparation neither the usual nor the phase-contrast microscope is able to reveal 
the presence of formazan with a quantity of the original product which will not produce 
a toxic effect. Williams succeeded in doing this by using the intense absorption of 
formazan in the u.v. region (240-320 mu). From the absorption curves the author 
could estimate the amount of salt reduced. For convenience in treating the results 
obtained, the image on the television screen and the curve on the oscillograph screen 
were photographed in turn. Fig. 3 was produced by such photography. The author 
points out that the short time involved allows the treatment of the large amount of 
material, necessary for statistical verification of results. 

The works discussed, in fact, cover all the known information on the use of the 
television microscope for absorption measurements, but the experience of works in 
the field of quantitative cytochemistry is indicative of the great promise of this type 
of investigation. 

Counting of microscopic particles. The problem of counting particles in biology 
is met with in determining the number of erythrocytes and leucocytes, bacterial colo- 
nies, cells, emulsion grains in autoradiography, processes which at present involve 
the expenditure of much long and tedious work. For speeding-up and simplifying 
the counting process various devices have been proposed. The principles of these are 
set forth in Walton’s paper [46]. Many of these devices, such as the counters of 
Lagercrantz [47], Wolff [48] Frommer [49] and Mellors [50] employ a mechanical 
scanning technique and will not be discussed here. 

In television microscopy the counting of particles is replaced by the counting of 
electrical pulses produced by the particles. Since the size of the scanning spot is less 
than the size of the particle (otherwise it will not be resolved), the particle will be 
counted as many times as the spot traverses it. The prevention of the repeated registra- 
tion of the same particle is the main problem in television counting. 

The following represents one of the possible methods of accurate counting [6]. 
Each particle produces a series of consecutive pulses separated in time from one 
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another by the duration of one line. The memory system transmits to the counter 
only the first pulse of this series, and holds back the other pulses. The device has 
several memory channels so that particles situated on one scan line are registered 
independently. The image of the counted particle is observed on the kinescope screen 
as a bright point. The size of the particle is estimated either from the number of pulses 
in the series or from the length of the longest pulse. 


Fic. 3. Above: sketch of micro-object; below: curve of optical density distribution along scanning 
direction. 


Fic. 4. Basic arrangement of television counter with two scanning spots. 


Another micro-particle counter, based on the “control-spot” principle was devel- 
vped from the flying-spot microscope of Roberts and Young [33-35, 51]. In this 
case the repeated counting of the same particle was prevented by scanning the preparation 
not with one, but with two spots. These spots (Fig. 4) were formed by doubling the 
scanning beam of tube / by a birefringent crystal 2. The thickness of the crystal was 
chosen so as to separate the spots by the width of one line. After passing through 
the microscope 3, the scanning beams were directed on to different photomultipliers, 
by means of a polarizing prism 4. The photomultiplier signals were amplified by the 
amplifiers 6 and passed into an anticoicidence circuit 7, which selected a pulse for 
the counter 8 only when one spot began to scan the particle, and the other — the 
control — still by-passed it. It is obvious that this position occurs only once for 
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a particle of any size. By comparing the pulse length from the particle with the length 
of the pulse produced by the special circuit, it was possible to sort the particles according 
to size. For obtaining an image, signals from one photomultiplier were applied to 
the kinescope 9. The instrument employed a scanning tube with green luminescence 
and a 25 uw spot. From the viewpoint of noise level, it was advantageous to have two 
scan rates in the system: a high rate for visual observation and a low rate for counting 
and measurement. 

The instrument described was used for counting red blood corpuscles and nerve 
cells. A comparison of the results obtained from the same smear by visual and automatic 
counting showed that automatic counting was approximately 109 times faster with 
the same accuracy. Counting of the number of nuclei of nerve cells in stained sections 
gives an over-estimate, since the automatic instrument also records particles which 
are not nuclei. This inaccuracy, however, is compensated for by the high counting 
rate. 

The possibility of measuring autoradiographic emulsions [52] using an automatic 
flying-spot counter has also been investigated. The image of a 50x50 uw raster was 
projected on the plane of the emulsion by a microscope objective 951-30. Here 
the diameter of the scanning spot (0-3 uw) corresponded to the size of the silver grains. 
It was found that this instrument permitted the determination of very small con- 
centrations of grains (2 grains/100 uw?) with a reproducibility of 2-3 per cent. 

Of the possible applications of counting instruments in biology the counting of 
blood particles is done on the largest scale. Hence particular interest attaches to the 


sanguinometer of Flory and Pike [53, 54] which was developed for this purpose. 


The sanguinometer consists of a microscope with vidicon and counting device. 
In the vidicon the image was scanned by an electric beam forming a television raster. 
Under normal magnification each particle is cut by several lines of the raster and 
produces a corresponding number of pulses which could lead to errors if the instrument 
was not able to distinguish between a small number of large particles and a large 
number of small ones. A correct count is achieved by means of a special diameter 
compensation circuit. The operator, by turning a single knob, regulates the compen- 
sation circuit till he obtains a light signal, after which he takes the counter reading. 
The instrument permits a rapid analysis of a large number of micro-volumes of a sample 
and thus eliminates the effect of non-uniform distribution of the particles. 

It was indicated [54] that, owing to its compactness and simplicity, the instrument 
could find wide application, for example in large-scale blood analyses in regions of 
atomic damage. 


CONCLUSION 
Despite the fact that the first television microscope appeared about a quarter of 
a century ago, the television microscope only began its development in the last 7-8 years, 
when physical methods of research started to find wide application in biology. At 
the present time there are commercial models of television microscopes. Th2 firm 
“Cinema Television” (England) [55] has produced a flying-spot microscope for 
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observing micro-objects under magnifications of 350-6800 and with a resolving power 
of 0-25 u, as well as for the automatic counting and size-grading of particles. A u.v. 
colour-translation television microscope is produced by the firm “Neutronics Research 
Co.” (U.S.A.) [56]. The microscope works in the spectral region to 220 mu and enables 
a study of preparations under magnifications of 400-25,000 and with a resolving 
power of 0:2 u. Besides the observation system, this microscope has a spectrophoto- 
metric device. At the Paris Exhibition of 1955 the French firm “Thomson-Houston 
Co.” [57] demonstrated television attachments which could be used with a normal 
microscope. At the Brussels World Exhibition in 1958 there was shown a Soviet 
television microscope with a superorthicon for observing preparations in visible 
light [58]. 

Published works in which these microscopes have been used are not yet available. 
However, biological studies carried out with home-made laboratory equipment 
indicate the following special features of television microscopy which would appear 
to determine its future application: (1) the opportunity to study living and fixed material 
in u.v. light; (2) the possibility of absorption measurements in the visible and u.v. 
regions of the spectrum by the consecutive cytophotometry method; (3) the possibility 
of automatic counting and size-grading of particles. 

The authors are deeply grateful to A. N. Zakharyevskii for checking the manuscript 


and for valuable advice. 
Translated by F. SINCLAIR 
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METHOD AND APPARATUS FOR STUDYING WET OBJECTS 
IN THE ELECTRON MICROSCOPE*?t 


1. G. STOIANOVA and G. A. MIKHAILOVSKI 


(Received 29 December 1958) 


OBJECTS mounted for examination in the electron microscope are subjected to a high 
vacuum, which causes their dehydration, and to an electron beam, which interacts 
with them. 

Removal of water from cell protoplasm takes place in stages. There is a fractionated 
precipitation of the substance of the protoplasm and the structure is often altered so 
much that it bears no resemblance to the structure in the live condition. To prevent 
the far-reaching changes of structure in the investigation of biological material in 
the electron microscope several methods of preparing specimens have been devised 
(fixation, treatment with salts, lyophilic drying). The best condition is one which 
gives rise to the least alterations and which permits the investigation of wet biological 
objects in the electron microscope in their natural state. 

The electron beam passing through the object undergoes collisions with molecules 
of the matter. As a result of these collisions the electrons lose energy. Some of the 
energy lost by the electrons is transformed into heat and some of the energy is spent 
on the excitation and ionization of the molecules of the object. Because of these factors 
most biological specimens undergo significant alterations of structure and may even 
be completely destroyed. Until recently it was believed that it was impossible to 
examine wet and living objects in the electron microscope [I-3]. We have succeeded 
in solving the problem of the direct investigation of objects in a gas atmosphere at 
a pressure of 500-700 mm. Hg in the electron microscope [4]. 


|. ELIMINATION OF EFFECTS OF HIGH VACUUM 


To prevent the distortions produced by dehydration necessitates the construction 
of an object chamber which allows a pressure rise of five to six orders in the immediate 
region of the object. The main problems which must be solved before such a chamber 
can be realized are: (1) the undried object must be placed in an atmosphere of gas 
at a pressure which excludes rapid evaporation of moisture; (2) the gas must be retained 
in a space isolated from the microscope column, so that there is no leakage of gas 
from the object chamber into the microscope vacuum and the stability of the image 
is not affected; (3) the distortion of the electron beam in passing through the wet object 
and the gas layer must be so small that the resolution of the image formed will not 
be less than 100 A. For this reasom the material of the object chamber in the region 


* Biofizika 4: No. 4, 483-489, 1959. 
+ Paper delivered at Moscow Colloquium on Electron Microscopy, 17 December, 1958. 
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of transit of the beam must be thin enough not to cause significant scattering of the 
electrons, which could cause a deterioration in image quality, and at the same time 
it must be unaffected by contact with moisture and be strong enough to tolerate the 
required pressure differential under electron irradiation. We give an account below 
of the results obtained in tackling this problem. 


250 500 750 
4, mmHg 


Fic. 1. Airtightness characteristic of micro-chamber. 


We chose a type of object micro-chamber in which the space containing the object 
was bounded on two sides by diaphragms with small apertures [5]. The diaphragms 
were packed with rubber and teflon washers. The space containing the object com- 
municated with the atmosphere through an airtight duct. The airtightness of the 
micro-chamber (shown by the relation of microscope pressure P,; to the micro-chamber 
pressure P>, Fig. 1) was tested in the case when the films on the diaphragm were absent 
(curve 1), with a film on one diaphragm (curve 2) and on both diaphragms (curve 3). 
For the work we used a micro-chamber with films deposited on both diaphragms. 
A close static system was more convenient because a determination of the pressure 
in it was reliable, while in a dynamic system (when there is a leakage of gas through 
one of the openings in the diaphragm or a crack in the film) the gas pressure on the 
object was rather difficult to determine. 

The most important parts of the micro-chamber, which determined the success 
in investigating wet objects, were the protective films, which had to satisfy all the impor- 
tant criteria listed above. We tested collodion, carbon, collodion coated with a carbon 
layer, nylon, formvar, and formvar films coated with a hydrocarbon layer. 


Tests of airtightness and mechanical strength of the films were carried out in an 
assembled micro-chamber attached to the object-holder and to a U-tube manometer 
to record pressure. In testing, the object-holder was immersed in a glass vessel containing 
distilled water and the pressure of the air in the chamber was gradually increased. 
Air bubbles were formed at the surface of the diaphragms. The airtightness of the 
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chamber was considered satisfactory if the increase of pressure did not produce an 
increase in the size of the bubbles or cause them to break away from the surface. 
Further tests of airtightness and mechanical strength were carried out in the microscope. 

The mechanical strength of the protective films had to be adequate to withstand 
a considerable difference between the pressure in the chamber (hundreds of mm Hg) 
and in the microscope vacuum (10~4 mm Hg). We tested the mechanical strength 
of the films listed above. As a result of these tests we found that the most suitable 
films from the viewpoint of mechanical strength were collodion and formvar, which 
if 150 A thick on apertures of 0-04 mm diameter withstood atmospheric pressure 
without rupturing. The carbon films were not airtight, were extremely brittle and 
so were unsuitable as protective films. 

The mechanical strength of the films was reduced under electron bombardment. 
The destruction of collodion and formvar films ensued at lower pressure than in the 
case without bombardment. In order to make the films more resistant to the electron 
beam they were covered with a fine layer (15-20 A) of hydrocarbon. The films were 
then sufficiently resistant and retained their mechanical strength under electron bom- 
bardment as well. The evaporation of the protective carbon layer on to the film 
increased their resistance to electron bombardment, but caused a deterioration in their 
airtightness. It would appear that, when the carbon layer was deposited, isolated por- 
tions of the film become permeable to air due to local damage at the instant of deposition. 

The mechanical strength and airtightness of collodion and formvar films under 
electron bombardment were different if moisture was present in the chamber. The 
characteristics of formvar films coated with a hydrocarbon layer did not change, but 
collodion films could not withstand even very slight pressure differentials. For this 
reason, from the viewpoint of mechanical strength and airtightness, only formvar 
films coated with a hydrocarbon layer were found to be suitable for the study of wet 
objects. 

Effect of gas and protective films on image quality. The increase in the scattering 
layer which was created in the region of the specimen owing to the introduction 
of the second film and gas, naturally affected the image quality owing to the 
increased number of elastic and inelastic collisions. The increase in the number 
of electrons elastically scattered at such large angles that most of them were stopped 
by the contrast diaphragm, led to a loss of brightness and contrast in the image. The 
change in the image brightness when the chamber was filled with gas was determined 
from the curves relating the relative density of electrons on the image to the thickness 
of the object [6]. It was assumed that the total thickness of the films was 3-6 yg/cm?. 
The brightness of the image of an object in the micro-chamber at pressure 10-2 mm Hg 
corresponded to the intensity values at points / and 2 on the curves for 80 and 45 kV, 
and hence we could tell how the image brightness was reduced when the chamber 
was filled with hydrogen, air or chlorine, or when the thickness of the gas was reduced 
from 0-01 to 0-003 cm and how the accelerating voltage affected it. When the gas 
passed into the chamber we observed a reduction in the image brightness, accom- 
panied by a loss of contrast. 


i 
4 
> 
A 
| 
| 


Method and apparatus for studying wet objects in electron microscope 119 


As we know, the image contrast in the electron microscope is determined by the 
angular distribution of the scattered electrons, by the physical properties of the object, 
and by the electron-optic parameters of the system —the accelerating voltage and 
the physical aperture of the objective. The optimal aperture of the objective was 
determined from the relationship between the intensity distribution on the image and 
the objective aperture and accelerating voltage by means of a method devised earlier [7]. 
It was found to be 8-10~3 radians, which was adequate for producing high brightness 
of the image. 


2s 
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*340 


Fic. 2. Spectra of energy loss of electrons in passing through micro-chamber. 


To discover the effect of inelastic scattering on the quality of the image we measured 
the electron energy losses due to their passage through the protective films and the 
gas layer, the composition and pressure of which was varied. The measurements were 
made by means of a lens-analyser mounted in place of the projection lens in the electron 
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microscope [8]. For each kind of gas we first photographed the energy spectrum of 
the films bounding the object space, and then the spectra which were found when the 
chamber was filled with gas at various pressures. On the energy spectra of the films 
(Fig. 2, a) we observed a very fine line, corresponding to an energy loss of 6°5 eV, 
and a broad band of losses with a maximum about 22 eV. When the chamber was 
filled with air to pressures of 120 mm. Hg (Fig. 2, 6) and 340 mm. Hg (Fig. 2, c) on 
the broad band there appeared a fine line at 13-7 eV, the intensity of which increased 
with increase of pressure in the chamber. Such measurements were carried out with 
different gases. The results of the measurements showed that when the object chamber 
was filled with gas the energy spectrum showed lines of energy loss corresponding 
to the ionization potentials of the particular gas. The intensity of these lines increased 
with increase in gas pressure. In this process, however, the number of inelastically 
scattered electrons remained practically unchanged. Hence we drew the conclusion, 
which we verified experimentally, that the image quality is not appreciably worsened 
by the inelastic scattering of electrons in the gas layer in the object chamber. 

The effect of the thickness of the protective films and the pressure of the gas layer 
on image resolution was determined directly from a test object by the recognized method 
in electron microscopy. The resolution of an image of colloidal gold on a thin collodion 
film of less than 100 A was 40 A. When the gold was contained in the chamber with 
the two protective films present the resolution was 70 A. When the chamber was 
filled with a layer of gas 0-003 cm thick and at pressure 500 mm. Hg the resolution 
was 70 A. 


ll. REDUCING THE EFFECT OF ELECTRON IRRADIATION ON THE OBJECT 


Reducing the thermal effect of electrons on the object. Heating of the object results 
from the energy lost by the electrons when passing through the object. The temperature 
of the object is determined by the amount of electron energy loss converted to heat 
in the film, and the conditions under which this heat is given up to the surroundings. 
As Leisegang and Schott’s calculated data [9] and Stoianova and Belartseva [10] 
showed, the heating of the object depends to a large extent on the area irradiated and 
the current density in the beam. From these data we were able to decide the best 
radius of the irradiated region for our purpose, having in mind the necessity to obtain 
the least possible thermal effect from the electrons and the largest field of view. The 
diameter which we selected for the irradiated region was 20-30 uw. Even with this, 
however, we found a considerable change in the temperature rise with increase in 
thickness. In Fig. 3 we show the graphs of the temperature rise for the cases where 
the object was a thermocouple (curve /) and yeast (Saccharomyces cerevisiae) deposited 
on the thermocouple (curve 2). The following conditions of irradiation were chosen 
for work with cells: current density incident on the object < 10~? A/cm?2; diameter 
of irradiated region < 30 uw: accelerating voltage 75 kV. In this case the temperature 
rise of an object of smaller dimensions than the yeasts did not exceed 5°. We assumed 
that in these conditions the object would not be killed by the thermal effect of 
electrons. 
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Reduction of the radiation effect of electrons on the object. Even conditions of 
irradiating the object which limit the heating so that the biological specimen is not 
killed by the thermal effect of the electrons may result in its destruction owing to 
the cumulative ionization caused by the electrons. In electron-microscopic investi- 
gation of organs and tissues which are very sensitive to electron irradiation, we must 
reduce the time of irradiation and protect the specimen from electrons during the 
preparation of the microscope for photographing the image (location of the region, 
adjustment for sharpness, reloading the magazine etc.). In order to shield the object 
a protective diaphragm was mounted in the immediate vicinity of it. The size of the 
diaphragm determined the size of the irradiated region. Preparation for photography 
was carried out using a region adjacent to that to be photographed. The investigated 
region was exposed to radiation for the smallest possible time and with the smallest 
possible current density (with adequate brightness). 


Ln 


Fic. 3. Increase of temperature (/\ T) of object on irradiation with electrons (j — 
current density). 


Very careful investigation of the changes of structure of certain high-molecular 
compounds under the action of electrons led us to conclude that it was possible, by 
taking a number of precautions, to observe the structure of an unaltered object during 
the first few seconds of irradiation and to follow its alteration in the destructive process 
directly from the electron-microscope image or from an electronographic picture [11]. 


ill. EXPERIMENTAL ASSEMBLY AND METHOD OF INVESTIGATION 
These investigations enabled us to determine a number of the conditions necessary 
for the examination of wet objects in the electron microscope. A constructive solution 
of these problems was embodied in the form of a special objective lens, replacing the 
existing lens, for the electron microscope UEMB-100, and a switching system for 
regulating the pressure and composition of the gas in the object chamber. Fig. 4 shows 
a photograph of the experimental assembly. 
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Objective lens. Three main units were located in the upper part of the objective 
lens above the pole-piece: a mechanism for controlling the object and the object micro- 
chamber /, the protective diaphragm holder 2 and an airlock mechanism 3. Below 
them was the objective proper, consisting of the casing, the winding of the pole-piece 
and the jacket 4. The objective tube carried a microdiffraction mechanism 5 and 
permalloy screens. 


Fic. 4. Experimental assembly. 


The object-holder mechanism was used to insert the object into the lens, supply 
gas to it and manipulate the object. The design of the mechanism for moving the 
object was decided by the necessity for bringing the duct of the object-holder outside 
in order to maintain the required pressure in the region of the object or to change 
the gas in the chamber. The object-holder was made in the form of a metal rod (brought 
outside) with a duct inside it. The mechanism for moving it was located outside the 
lens. The object-holder with the gas chamber was located above the pole-piece. The 
main component of the mechanism was a rod with the micro-chamber attached to 
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one end, and with the other end terminating in a flanged socket by means of which 
the rod was connected to the gas-supply system. The rod was placed in the mechanism 
casing and sealed to it by a rubber gland and to the lens housing by a special packing. 
The rod was moved along its axis by a micrometer screw. A shift of the object in the 
vertical direction was effected by turning the rod through an angle. The mounting 
of wet objects in the electron microscope was made possible by the fact that the space 
in the gas chamber (Fig. 5), which contained the object, was bounded by the protective 
films mounted on diaphragms / and 2 which prevented leakage of gas and water 
vapour from the object chamber into the instrument column, and by the communication 
of this space by means of duct 3 with a pump or with reservoirs containing the required 
gas. This enabled us to supply gas and water vapour of the necessary composition 
and pressure to the object chamber. Between the diaphragms there was a split ring 4, 
the height of which permitted a regulation of the height of the gas layer. Airtightness 


Fic. 5. Object micro-chamber. 


of the object chamber was achieved by the use of packing rings 5 and 6 and the protective 
films on the diaphragms, which were clamped by the ring 7 and the nut 8. To avoid 
the building-up of charge on the packing rings, which were in the immediate vicinity 
of the beam, they were screened from above by a special bushed washer 7 lying inside 
the packing, and from below by a skirting in the base of the flat diaphragm. The 
pressure in the region of the object was tested by a U-tube manometer, and the pressure 
in the microscope by an ionization gauge. The protective films of formvar, reinforced 
with a hydrocarbon layer and of total thickness 250 A, enabled us to construct a system 
with a very good airtightness characteristic. When the pressure inside was raised 
to 700 mm Hg the vacuum in the microscope remained unchanged. 

A protective diaphragm was installed in the immediate neighbourhood of the 
object to shield it from the injurious action of the beam. The mechanism for this was 
a simplified form of the object-holder mechanism. Removal of the diaphragm from 
the path of the ray was effected by turning the rod through 90°. 

Since biological objects generally give low contrast in the microscope, and since 
the contrast is poorer when the object is mounted in a layer of gas, owing to the fact 
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that the gas layer and the two protective films create an additional background, the 
role of the contrast diaphragm becomes particularly important. It was inserted in 
the slit of the pole piece. The mechanism for its control was the same as in the microscope 
UEMB-100 [12]. 

The resolution which could easily be realized in the study of objects in a gas medium 
was 100 A at a pressure of 600 mm Hg and V = 75 kV. The image could be observed 
at magnifications of 3-40 x 104. 

Working with the lens showed that it satisfied all the demands made on it (thanks 
to the airlock mechanism we could make a swift change of objects, rapidly insert and 
set the protective and contrast diaphragms in position). After adjustment, when all 
the lens mechanisms were moved out of place, they could easily be returned to their 
initial position. This feature, fairly important in general in electron-microscopic 
investigations, is of very great importance in the examination of wet and live objects, 
since the success of the investigation rather often depends on the speed in adjusting 
all the mechanisms of the instrument. 


Switching system. Change of pressure in the object chamber and reduction of 
the pressure in the object airlock to 10-2 mm Hg before inserting the object-holder 
in the microscope was effected by a simple switching system. 

Reduction in pressure was made simultaneously in the airlock and object chamber 
to the necessary value, after which further evacuation was continued from the airlock. 
The pressure in the object chamber and airlock was either reduced at the same rate, 
or in such a way that the pressure in the chamber was greater than the pressure in the 
airlock. This was achieved by the special form and position of the orifices in the main 
cock, which permitted the establishment of different resistances in the two spaces 
being evacuated. For filling the object chamber with gas or for removing gas from 
it the main cock was turned through 180°. The object chamber was connected by 
a second cock either to the evacuation system or to the reservoirs containing the re- 
quired gas. 

Method of observing objects in the wet state in the electron microscope. For the 
investigation in the electron microscope of wet objects a drop of the liquid containing 
the micro-organisms or tissue fibres was deposited on one of the diaphragms. After 
a few minutes, when a partial settling of the preparation on the film had taken place, 
the excess liquid was removed. When the smallest possible quantity of liquid was 
left on the diaphragm the chamber was assembled, the alignment of the diaphragms 
checked, and the airtightness of the chamber verified. If the chamber satisfied all 
the requirements, the holder was inserted in the microscope airlock, and the sleeve 
of the object-holder connected by means of a rubber tube with the switching system. 
The pressure in the airlock and in the object chamber was reduced simultaneously, 
the pressure in the chamber being always a little higher than or equal to, the pressure 
in the airlock, until the pressure in the object chamber was established at the required 
70-100 mm Hg, at which observations are usually conducted. At this moment the 
evacuation of the object chamber was stopped. The airlock was then evacuated to 
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10-2 mm Hg, and connected to the vacuum space of the microscope, and the object- 
holder inserted in the microscope. 

Irradiation of the object only took place during the selection of the region, and 
photography. The object was inserted under the beam and examined rapidly. When 
an interesting region was found, it was immediately moved out of the beam and 
a neighbouring region was focussed. The beam current was chosen so that the tem- 
perature of the object did not exceed 37°. If the chamber was removed from the 
microscope after the observation of the image in these conditions, we found droplets 
of moisture on the diaphragm on which the suspension lay. With slow reduction of 
pressure in the object chamber to 20 mm Hg no rapid evaporation of moisture took 
place. Only at a pressure of less than | mm Hg was there a vigorous evolution of air 
bubbles from the free drop of water and its freezing. We observed undried bacteria* 
and other biological material directly in the electron microscope. In Fig. 6 we show 
a series of photographs which record certain changes in a group of Bacillus coli which 


Fic. 6. Bacillus coli in the moist micro-chamber. V — 65 kV, p ~ 72 mm Hg. 


ensued with the passage of time in the moist micro-chamber in the electron microscope. 
On the first photograph (a) we clearly see that this group, like other bacteria, is surroun- 
ded by a zone with rather distinctly demarcated limits. The information in the literature 
[13] permits us to assume that the zone surrounding the bacterium contains metabolic 
products. In photograph () we see that one granule has shifted and the zone con- 
taining the metabolic products has begun to divide so that the granule together with 
one bacterium retains a common zone. In the next photograph (c) we observe the 
separation of this granule from the bacterium. 


*M.la. Korn and T. A. Nekrasova participated in the observation of wet bacteria. 
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SUMMARY 


An account is given of a method and a device which permitted the direct observa- 
tion of wet biological objects, contained at a pressure of 1 to 600 mm Hg, in the electron 
microscope with an accelerating voltage of 75 kV. The thermal effect of electrons 
was practically eliminated, while the radiation effect was reduced to a minimum by 
decreasing the exposure and limiting the area of the irradiated region. As our investi- 
gations of wet biological objects showed, the presence of moisture increases the image 
contrast. Wet objects are more resistant to irradiation owing to the better conditions 
for the removal of charges. In addition, the presence of a layer of ionized gas also 
promotes the rapid removal of charges from the object. 

In conclusion I convey my deep gratitude to Academician A. A. Lebedev and 


Dotsent Iu. M. Kushnir for discussion of the results. 
Translated by F. SINCLAIR 
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CARDIOCYCLOGRAPHY* 
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(Received 17 November 1958) 


CARDIOCYCLOGRAPHY is the name we have given to a method of registering electro- 
cardiograms, which permits a simple and graphic analysis of the recorded curve and 
an observation of the changes of rhythm in the heart contractions, as well as of all the 
other temporal parameters of the electrocardiogram. The essence of this method of 
registering the electrical processes taking place in the heart consists in the recording 
of the electrocardiogram in the form of consecutive intercepts, and not in a continuous 
line. Each intercept corresponds to one cycle of heart contraction. 

To effect this method of registration the analogue computation section of 
NIISCHETMASH in co-operation with physiologists and clinicians produced a special 
electronic instrument —an electrocardiogram analyser (ANEK) which we call 
a cardiocyclograph. In the design of this instrument extensive use was made of the 
standard units employed in electronic analogue computers. 


BLOCK DIAGRAM AND OPERATING PRINCIPLE OF CARDIOCYCLOGRAPH 


The operating principle of the device can be understood from the diagrams shown 
in Fig. 1. These diagrams show the main stages in the conversion of the usual electro- 
cardiogram to a cyclogram. The voltage taken from the patient’s body (curve A) 
is amplified and given a form suitable for separation of the control pulse from it. 
The amplified electrocardiogram voltage is then passed through a special filter which 
suppresses the low-frequency components and accentuates the high-frequency com- 
ponents. On the filter output when the R wave appears there occurs a brief “burst” 
of voltage of considerable magnitude, from which a control pulse is formed, displaced 
in time relative to the R wave by a certain constant value (curve E). The control pulse 
is then used in the horizontal scanning circuit of two cathode-ray tubes, on the vertical 
plates of which are applied the voltages taken from the patient’s body. 

The cyclogram (curve K) is formed on the screen of one cathode-ray tube, and 
this can be observed directly during recording in view of the fact that besides the 
electrocardiogram signal, a slowly varying sawtoothed voltage is supplied to the vertical 
deflecting plates. In this case the cyclogram curve is presented in the form of consecutive 
cycles of the usual electrocardiogram situated one beneath the other, the beginning 


* Biofizika 4: No. 4, 490-495, 1959. 
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and end of these cycles being displaced in time relative to the R wave by a definite 


value. 
By means of the second cathode-ray tube the cyclogram is registered on photo- 
graphic paper. The slow vertical scanning of the curve is effected by the slow travel 


of the photographic paper. 
A block diagram of the apparatus is shown in Fig. 2. It has the following principal 


components. 


Fic. |. Diagrams explaining operation of cardiocyclograph. A — Voltage on output 

of input unit, B — voltage on matching stage, C — voltage on control pulse shaper, 

D — voltage in cutoff pulse circuit, E — voltage in cutoff pulse displacement circuit, 

F — voltage on output of horizontal scanning circuit, K —cyclogram trace on 
photographic paper. 


(1) An input unit, which amplifies the electrical voltages taken from the patients’ 
body by means of electrodes. On the screen of the cathode-ray tube of the input unit 
we can observe simultaneously one to three electrocardiograms, or two vector electro- 
cardiograms. 

(2) A special matching stage for selecting the required lead for investigation and 
for conversion from the push-pull amplification circuit employed in the input unit 
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to the usual single-phase amplification circuit. The latter consists of a standard opera- 
tional d.c. amplifier of type UPT-4A, widely employed in electronic analogue computers. 

(3) A control pulse shaper which isolates from the electrocardiogram the wave 
of greatest absolute size and curvature of front so that the continuous curve can be 
divided into a series of separate, repeating portions — the cycles. In the overwhelming 
majority of electrocardiograms this wave is the R wave. There may be cases, however, 
where it is more convenient to pick out some other wave. These cases were allowed 
for in the design of the instrument. 


Elecrrodes 
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Circuit supply } 
S0c/s ~220V ~63V 
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Fic. 2. Block diagram of cardiocyclograph. 


(4) An interval cutoff pulse circuit, which serves to form control pulses of short 
duration at the moment of the peak value of the pulses which coincide in time with 
the appearance of the R waves and are isolated by the shaper from the electrocar- 
diogram. 

(5) An interval cutoff pulse displacement circuit designed to form a pulse displaced 
in time relative to the R wave. 

(6) A horizontal scanning circuit, used to form a periodic linearly-increasing voltage. 
The synchronization of the latter is effected by the interval cutoff pulse displacement 


assembly. 
(7) Two voltage amplifiers for horizontal deflection (for the display and recording 


cathode-ray tubes). 

(8) A vertical scanning circuit used to form the periodic linearly-increasing voltage 
required for the vertical shift of the separate, consecutive portions of the cyclogram 
on the display tube screen. 

(9) Two voltage amplifiers for vertical deflection of the curve (for the display and 
recording cathode-ray tubes). 

(10) Two power supply units for the cathode-ray tubes. 

(11) A display cathode-ray tube, designed for visual observation of the cyclocard- 
iogram. 

(12) A recording cathode-ray tube for projecting the electrocardiogram image 
produced on it on to photographic paper by means of a camera lens. 
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(13) A photographic recording device with an automatic paper drive (14) for recording 
the cyclogram on the usual perforated 100 mm-wide photographic paper. 

(15) A power unit for supplying the described circuits with all the necessary stabilized 
a.c. and d.c. voltages. 


INDIVIDUAL UNITS OF THE INSTRUMENT AND ITS ASSEMBLY 
The input unit of the cardiocyclograph is constructed in the following way. 
The input d.c. amplifiers, forming a push-pull amplification network, serve to 

amplify the signals taken from the patient’s body. There are three input amplifiers 

altogether; in their arrangement they are similar to the amplifiers used in the vector 
electrocardioscope of I. T. Akulinichev. The first two amplifier stages give an 
amplification to the input signal of (20-30) x 10° times, while the third output repeat 
stage does not give any additional amplification. In order to obtain the required 
accuracy in the reproduction of the investigated process we must provide for the setting 
of an upper frequency limit to the signal to be amplified. By means of a switch a limit 
of frequency at a level of 100 or 400 c/s can be set simultaneously for all three amplifiers. 

In order to reduce the effect of drift the amplifier stages incorporated a large d.c. 

negative feedback supplied from the amplifier output to the valve grid of the first 

stage. 

The signals amplified in the input unit are fed to the display tube. 

For obtaining simultaneous images of three electrocardiograms on the screen 
of one tube the input arrangement includes an electronic commutator arrangement. 
The electronic commutator effects a successive amplification of the signals arriving 
from the three input amplifiers, and consists of a conversion circuit, pulse generator 
and three push-pull amplification stages. These signals which come in turn from the 
three input amplifiers are amplified once again by an additional amplifier and reach 
the vertical deflecting plates of the cathode-ray tube. The discontinuity of the simul- 
taneous image of the three curves at the switching frequency used (5 kc/s) is practically 
unnoticeable. 

The horizontal scanning of the cathode-ray tube is effected by a phantastron 
generator and can be either continuous or single. The scanning speed can be varied 
between 15 and 50 mm per sec. 

For the simultaneous observation of two vector cardiograms provision is made 
for an alteration in the circuit of the instrument so that the signals from two input 
amplifiers can be applied to the vertical plates of the cathode-ray tube, while the signal 
from the third input amplifier, fed to the horizontal plates, ensures the horizontal 
scanning of the beam. This arrangement enables us to examine the vector cardiograms 
1 and 2, | and 3, and 2 and 3 in turn. 

For the inclusion of timing marks on the curve of the investigated process the 
instrument was provided with a pulse generator with a pulse repetition frequency 
of 0-05 or 0-01 sec. 

The stage for matching the input unit with the subsequent parts of the apparatus 
is a very simple amplification circuit consisting of one valve of the type 6N9S and 
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a pancake switch. By means of this switch we could select the required lead from the 
patient. The input signal of this stage was fed through a condenser to the control 
pulse shaper. The latter consists of a standard d.c. amplifier UPT-4A and resistance 
which, together with silicon diodes and condensers, form a feedback system, producing 
only pulses of positive polarity at the output of this circuit. These signals are received 
by the interval cutoff pulse circuit. 

The interval cutoff pulse circuit is a peak voltmeter with an automatic drop in its 
output. The voltmeter is connected to two bantam valves of the type 6Zh3P. The 
signal arriving at the input is passed through one valve, connected up as a diode, to 
the condenser. As a result, when the input signal occurs, the voltage on the condenser 
increases to the peak value of this signal; after this its value is kept constant. The 
voltage present on the condenser is repeated on the cathode of the second valve, 
connected up as a cathode follower. Between the cathode of this valve and the input 
of this circuit two sensitive polarized relays are connected. One of them serves to 
collect the readings, and the other to shape the rectangular control cutoff pulse. 

The cutoff pulse displacement circuit consists mainly of a phantastron composed 
of a pentode of type 6Zh4 triggered by the control pulse arriving on the valve anode 
when the R wave appears on the input of the devices. By means of a special poten- 
tiometer, which changes the voltage applied to the control grid of the phantastron 
valve, the delay time can be controlled over a considerable range (0 to 1 sec). 

The horizontal scanning circuit is an operational d.c. amplifier of the type UPT-4A 
operating as an integrator. The control of the operation of this amplifier is effected 
by means of a relay operated by pulses arriving from the cutoff displacement arran- 
gement. 

The vertical scanning circuit also employs an operational d.c. amplifier operating 
as an integrator. The control of its operation is effected by means of a relay connected 
to its output and set in operation on the attainment of an output voltage of a particular 
pre-set value. 

The vertical and horizontal amplifiers of the cathode-ray tubes consist of four 
double triodes of the type 6N9S. These amplifiers regulate the amplification of the 
voltage applied to the deflecting plates of the tubes, and the shift of the beam on the 
screen in the required direction. For visual observation of the cardiocyclogram we 
used a cathode-ray tube of the type 13L036 with a prolonged afterglow. For recording 
we used a small cathode-ray tube with a short blue afterglow, type 7LO55M. 

For supplying the cathode-ray tubes the apparatus included special unstabilizea 
power sources of voltage +500, —150 and —1200 V. Besides these, there was a special 
power unit with stable voltage for supplying all the other parts of the instrument. 
This unit contained the following electronically stabilized power sources: 
voltage source +350 V at 180 mA; 
voltage source + 75V ,, 180 ,, 
voltage source —100V ,, 10 ,, 
voltage source —190 V ,, 180 ,, 
voltage source —350V ,, 25 ,, 
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The variations in the voltage values of these power sources did not exceed +100 mV 
with mains voltage fluctuations from 190 V to 230 V and with load changes from zero 
to the rated value. The change of voltage in the output of the power sources during 
operation did not exceed 1 V over 8 hr. 

Besides these sources, the power unit contains an unstabilized voltage d.c. source 
of 26 V at 3 A and three a.c. sources of 6°3 V for heating the valves. The rectifiers 
of the stabilized sources consist of kenotrons 5Ts3S providing full-wave rectification. 
For smoothing the outputs we used square-wave LC-filters. As regulators for the 
stabilizers we employed valves of the type 6P3S. 

The recording of the cardiocyclogram on photographic paper is carried out in 
the photographic recording unit by exposing the photographic paper to the luminous 
spot travelling over the tube screen. 

The travel of the image of the tube spot, proportional to the period of heart action, 
proceeds cyclically from left to right on the driven photographic paper. In addition, 
the luminous spot has a vertical motion. 

Vertical deflection of the electron beam in the tube is effected by the application 
of the voltage taken by means of the input unit from the patient’s body. 

In the course of one cycle the paper is moved through the required distance (0-25- 
4 mm) by the paper drive, and as a result we obtain the image of the cardiocyclo- 
gram in the form shown on Fig. 1. The paper drive consists of an electric motor of the 
type ADP-362 and a gear-box. 

The gear-box provides steps covering the range from 0:25 to 4 mm/sec, chosen 
so that the ratio of adjacent speeds does not exceed 2. 

The detachable cassette unit contains a delivering and receiving cassette. The 
pelivering cassette holds the roll of photographic paper for tracing the cardiocyclogram. 
To prevent spoilage of the exposed paper the detachable unit carries a receiving 
cassette. 

The travel of the paper during photography from the delivering cassette to the 
receiving cassette is effected by a special driving roll with perforated teeth. In this 
case the paper is drawn from the delivering cassette and stowed in the receiving cassette. 
By means of a pinion drive on the cassette unit the driving roll engages with the output 
pinion of the gear-box. The cardiocyclogram is traced on the flat portion of paper 
located between the driving and tension rolls. To prevent the photographic paper 
being fogged by stray light a light-tight casing containing the camera lens and dia- 
phragm is mounted between the cassette unit and the screen of the cathode-ray 
tube. 


DESIGN OF INSTRUMENT 


In the completed experimental model of the instrument all the component parts 
were grouped in four large units. One of these was the input unit. The second unit 
brought together the parts connected with visual observation and those which effected 
the division of the electrocardiogram into separate intercepts. The third was the 
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recording unit. The fourth was the supply unit. All these units were mounted on 
a trolley*. 


RESULTS OBTAINED 


By means of the cardiocyclograph the electrocardiogram is represented in the 
form of a discrete curve, which considerably simplifies the analysis of the heart con- 
traction rhythm and its disturbances. Fig. 3 shows sample traces of a normal electro- 
cardiogram by the cardiocyclographic method using low amplification. Curves a-c 


Fic. 3. Cardiocyclograms. (Explanation in text). Figures denote duration of heart 
cycle in sec. 


are the electrocardiograms of a healthy girl of 18 years. When breathing is normal 
the sinusoidal respiratory arrhythmia is clearly seen. At the height of inspiration the 
duration of the heart cycle is 0:20-0:27 sec, i.e. 22 per cent, longer than during expiration 
(curve a). When the breath is held the individual heart cycles are almost equal to 
one another in duration; the differences in length of the cycles do not exceed 0-05 sec 


* A fuller technical description of the instrument is given in the reports of NIISCHETMASH 
for 1957-1958. 
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(curve b). When the breathing is forced (immediately after its being held) the respiratory 
arrhythmia effects become greater, producing in this case differences of up 
to 0:35-0:37 sec in the duration of the individual cycles, i.e. at the height of inspiration 
the duration of the cycles becomes 36 per cent greater than during expiration 
(curve c). 

Curve d represents cardiocyclograms obtained by tracing the electrocardiogram 
of a man of 65 years. In this subject, as in all elderly people, we find the so-called 
fixed or “rigid” rhythm of heart contractions and the phenomenon of respiratory 
arrhythmia is absent when breathing is normal and is not distinct even in forced 
breathing. 

The cardiocyclographic technique is very convenient for observation of flutter 
arrhythmia and the various manifestations of extrasystolia. Cardiocyclography may 
also be used for tracing the pulse of the peripheral arteries by means of a piezoelectric 
pick-up connected to the input of an electrocardiographic amplifier. 

It may be counted as one of the advantages of the proposed method of recording 
electrocardiograms that with its help we can conduct observations over a very long 
period (for instance, during surgical operations) with a relatively small expenditure 
of photographic paper, which considerably simplifies the analysis of the curves. At the 
same time as the electrocardiogram is being traced, direct visual observation of the 
heart’s activity can be made with this instrument from the input unit cathode-ray 
tube, which registers the electrocardiograms from three standard leads. 

In conclusion we note that the principle on which the design of the cardiocyclograph 
is based — control of the electrocardiogram from the R wave — may be used in the 
design of several other instruments. For instance, it may be possible to study the 
refractoriness and excitability of heart muscle by applying a single stimulus at various 
times after the R wave. Again, an instrument may be designed for X-ray photography 
of the heart cycle at a given moment, coinciding with the R wave or at a particular 


time relative to it. 
Translated by F. SINCLAIR 
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THE USE OF DIELCHOMETRY FOR ASSESSING THE 
RESULTS OF IMMUNOBIOLOGICAL REACTIONS* 


V.I. SACHKOV and M. P. GrRIGOR’YEVA 


Group of Prof. Nesterov, Active Member of the Academy of Medical Sciences, Moscow 
(Received 28 June 1958) 


IMMUNOLOGICAL laws are of rather widespread application in nature. In several cases 
the results of reactions based on these laws cannot be reproduced by other methods 
(group differentiation of human tissues and organs, specific affinity of blood spots, 
presence of antibodies in immune serum, and so on). Immunological reactions are 
characterized primarily by high sensitivity and, as a rule, by a semiquantitative 
assessment of the results. 

There is no doubt that the theoretical and practical importance of immunological 
methods of investigation will become much greater if relatively simple and sufficiently 
accurate methods of assessing the antigen-antibody reaction can be developed. One 
of the possible methods of achieving this aim is an investigation of the permittivity 
of the antigens, antibodies and their mixtures. In the present work we deal briefly 
with one of the methods of determining the permittivity of substances, and we also 
cite our own experimental results on the quantitative evaluation by this method of the 
results of the interaction of certain antigens and antibodies. 

The close link of the permittivity of substances with the very fine changes in their 
chemical structure and with changes in their aggregate state, the high accuracy of 
analysis and the relatively short time which it involves [1-8], led us to apply the measure- 
ment of dielectric properties to the study of the interaction of antigens and antibodies. 

We used a dielchometer,t the arrangement of which is illustrated below. The 
operation of this instrument is based in the phenomenon of resonance (Fig. 1). 

By means of condensers K; and K> (coarse and fine tuning) the anode circuit a 
of a valve oscillator is tuned to resonance with the grid circuit 6, containing a quartz 
frequency stabilizer. When the capacitance in the anode circuit is increased the oscilla- 
tions cease. The moment when this occurs is easily registered by means of a milliam- 
meter (mA) registering current in the anode circuit (Fig. 2). By diminishing the capa- 
citance of the anode circuit, we can also observe the same effect but the moment of 
its occurrence in this case cannot be determined so accurately. 

Connected in parallel with the variable condensers K, and K> there is a condenser- 
gauge d, which is filled with the dielectric under investigation. The capacitance of 
the gauge d after filling with the dielectric increases as many times as the permittivity 
of the medium under investigation is greater than the permittivity of air (¢,;, = 1). 


* Biofizika 4: No. 4, 495-498, 1959. 
t+ Some authors employ the term “dielectrometer”’. 
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In order to attain resonance in the anode circuit a, we must reduce‘the capacitance 
of K, and K> by as many times as the capacitance increased in the condenser-gauge 
after it was filled with the liquid under investigation. We built the instrument in the 
laboratory under the direction of K. K. Korovin. 


Fic. 1. Circuit of dielchometer based on resonance of high-frequency currents. 
Explanation in text. 


The experimental method used to give a quantitative assessment of the antigen- 
antibody reaction was as follows. The condenser-gauge, volume | ml, was filled with 
distilled water (capacitance of dry gauge 0-2 uuF). The oscillations in the anode 
circuit in these conditions ceased at a particular capacitance. The value of this ca- 
pacitance was established to an accuracy of +0-01 wuF and as special control experi- 
ments showed, remained constant for more than 2 hr. By means of a simple pneumatic 
device an accurately measured amount of the test substance was added to the condenser- 
gauge so that the permittivity of the mixture (distilled water and test substance) 
approached as close as possible to the particular value taken for these experiments. 
To ensure thorough mixing a loop of “Saturn” fibre, the ends of which connected 
to a buzzer, dipped into the gauge. In all the experiments the buzzer was switched 
on for the first 9 min of the investigation. The investigations of each ingredient of 
the reaction (antigens, antibodies and their mixture in the ratio 1:1) were carried 
out 16 times at intervals of 3 min. The measurements were made at a frequency of 
3995 Mc/s, at temperature 18°. 

It is essential to determine the error arising when a small amount of the test sub- 
stance (less than 0-01 ml) is added to 1 ml of distilled water. 


Examining the results of experiments involving repeated measurements of per- 
mittivity of the same serum (Table 1), the permittivity of the investigated serum in 
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this case is the quotient of the variable condenser scale readings when the gauge is 
filled with the mixture (distilled water and serum), and with distilled water alone [1]. 
It should be mentioned that in these experiments the experimentally determined 
permittivity values are apparently not absolute, but they are quite adequate for 
assessing the extent of the reaction which has taken place. 

We see from Table | that the permittivity of the same serum in different experiments 
may differ by 0-008. By adding the test serum to the condenser-gauge and controlling 
the value of the permittivity of the solution, we can attain a pre-set value with an 
accuracy of 0-01. 
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Fic. 2. Anode current as function of capacitance of anode circuit. 


By the method described above we determined the permittivity of antigens and 
antibodies. If on mixing solutions of antigens and antibodies in the ratio | : 1 the 
permittivity of such a mixture deviated by more than 0-01 from the arithmetic mean 
value characterizing the permittivity of each solution separately, then it would indicate 
the degree of interaction of the corresponding antigens and antibodies. In order to 
avoid erroneous estimates, the antigen-antibody reaction was only considered positive 
if the permittivity of the mixture differed by more than 0-02 from the arithmetic mean 
value of the corresponding solutions of antigens and antibodies. 


As an example of the quantitative determination of the antigen-antibody reaction, 
the permittivity of a solution of hen antiserum (No. 3) obtained by the immunization 
of hens with electrophoretically homogeneous albumin of clinically healthy humans 
was 1:39. The permittivity of a solution of serum of patient B, containing natural 
albumin, was 1-39. The mixture of these serum solutions in the ratio | : | had a per- 
mittivity of 1-46. The permittivity had thus risen by 0-07, which indicated the degree 
of interaction of hen antiserum and patient B serum. The reaction in this case took 
place when the serum was diluted approximately 1 : 100. If we took a greater dilution 
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of these sera (approximately | : 300), which corresponds to a permittivity of 1-12, 
the reaction could not be observed. 


The permittivity of hen antiserum (No. 24), obtained by the immunization of 
hens with electrophoretically homogeneous y-globulin of clinical healthy humans was 
1-39. The permittivity of a solution of serum of patient B was 1-38. The mixture of 
solutions of these sera had a permittivity of 1-41. The permittivity had changed by 0-03. 
The serum of patient B thus reacts much more weakly with serum No. 24 than with 
serum No. 3 (less than half as much at the same dilution). 


The permittivity of a solution of C-reactive antiserum (Schiefllein and Co.) and 
a solution of the corresponding positest (of the same firm) had a permittivity of 1-12. 
A mixture of these sera had a permittivity of 1:09. The interaction of the antiserum 
and positest solutions was expressed by a change of 0-03 in the permittivity. (The 
antiserum and positest were diluted approximately | : 300 in this case). It is known 
that positest is a standard antigen given a distinct positive reaction (two plus) with 
undiluted C-reactive antiserum. In our experiments a distinct reaction was found 
when the antiserum and positest were diluted approximately | : 300 (a change of 
0-03 in permittivity), which indicates the very high sensitivity of the method we have 
described. 

In conclusion we should note that permittivity measurement can find wide applica- 
tion in the study of various questions in biology and medicine, particularly in the study 
of the interaction of antigens and antibodies. 

Translated by F. SINCLAIR 
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THE USE OF Na FOR STUDYING BLOOD CIRCULATION 
DURING RESPIRATION UNDER INCREASED PRESSURE* 


V.S. GURFINKEL’, D. 1. IVANov, A. E. IVANOV and V. B. MALKIN 


Scientific Research Institute of Aviation Medicine, Moscow 


(Received 19 November 1957) 


IN experiments on animals it was found [1] that respiration of O2 under increased 
pressure was accompanied by significant changes in the animals’ haemodynamics. 
The literature also contains information on the adverse effect of respiration under 
increased pressure in studies made on humans [2-4]. Many authors have observed 
the development of congestion effects in the region of the soft tissues of the face and 
of the upper and lower limbs in subjects during respiration under increased pressure. 
Ivy [5], for instance, who conducted plethysmographic studies, noted an increase in 
the volume of the lower leg in cases of respiration under increased pressure; whilst 
Barach et a/. found an increase in the blood viscosity due to loss of plasma. These 
authors noted that, under increases of up to 15 mm. Hg in the lung pressure, the 
circulation rate in the greater circulation was reduced in the majority of healthy test 
cases. The employment of compensating clothing — the creation of a counterpressure 
on the body — did not have any significant effect on the circulation rate. 

The aim of our investigation was to study in terrestrial conditions the state of 
the peripheral circulation during respiration under increased pressure, both with, 
and without the use of a high-altitude compensating suit (HCS). In these experiments 
we attempted to determine the conditions under which congestion effects appear and 
to study the dynamics of their development. 

To determine the initial stage of disturbance of the circulation, and to assess the 
extent of the ensuing disturbances we conducted an investigation of tissue circulation 
by the injection of the radioactive sodium isotope 24Na according to Kety’s method [6]. 

This method, as Fateeva [7] showed, can reveal the state of the latent cardio- 
vascular fault when the circulation rate is reduced but the development of congestion 
effects is still not apparent, and also permits a quantitative evaluation of the extent 
of changes in the haemodynamics. 

Seventeen healthy men aged from 20 to 30 years took part in the work, five of 
whom were trained to breathing oxygen under increased pressure. 

The breathing of oxygen under increased pressure was effected by means of a special 
oxygen apparatus which enabled the production, simultaneously and separately, of 
various pressures under the mask and in the compensating suit. During the investigation 
we studied the rate of tissue circulation and at the same time periodically determined 
the arterial pressure and registered an electrocardiogram (ECG). 


* Biofizika 4: No. 4, 498-503, 1959. 
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The 24Na, of specific activity 2-3 uc per 0-2 ml, was injected into the soft tissues 
of the lower leg (skin and muscle). The rate of 24Na absorption was determined from 
the fall in the initial activity of the injected isotope. For this purpose we used an 
AMM.-4 tube and a B-type counting unit. The count was made over a period of | min. 
at 1 min. intervals. 


From the activity values obtained we subtracted the background and also introduced 
a correction for that portion of the background due to the increased “activity” of the 
body and the residual “activity” at the site of injection. We then calculated the 
logarithm of the number of counts and plotted the curve of 24Na absorption against 
time in semilogarithmic coordinates. Bearing in mind the rule established by Kety 
for the absorption of radioactive 24Na in tissues, we conducted the count over the 
period in which the activity fell to 50 per cent. of that determined at the beginning 
of the time interval. This made it possible to determine in the same experiment both 
the initial state of the tissue circulation and its changes at different stages of the in- 
vestigation. 


RESULTS OF INVESTIGATION 


Two series of investigations were carried out. In the first series we determined 
the rate of tissue circulation during respiration under increased pressure without 
the use of a compensating suit. In the second series of investigations the subjects 
used the HCS when the breathing was under increased pressure. 


The results of investigations in which the subjects were not protected by a HCS 
showed that the production of increased pressure in the respiratory tracts led to regular 
changes in the blood circulation, and these depended both on the magnitude of the 
pressure and on the individual peculiarities of the subject. In two men not trained 
to breathing under increased pressure, even a slight increase in O», pressure under 
the mask led to a noticeable reduction in the rate of tissue circulation in the first few 
minutes of the experiment. For instance, in subject K a relatively slight increase in O 
pressure under the mask (to 10 mm Hg) resulted in a distinct reduction in the rate 
of tissue circulation. 

Fig. 1 shows a curve characterizing the rate of 24Na absorption in this experiment. 
A noticeable feature is that in breathing O, under increased pressure the rate of 24Na 
absorption is irregular at the beginning and end of the investigation. Immediately 
after the O pressure under the mask is increased the circulation rate falls for 15 min., 
after which it is restored almost to its initial level in the following 10 min. In view 
of this the 24Na absorption curve can be divided into two parts (Fig. 1); the first 
characterizes the development of latent vascular disturbances, and the second the 
development of compensation in the circulatory dynamics. 

This response of the blood circulation in healthy people to small increases of O 
pressure under the mask (10 mm Hg) was observed relatively rarely, since there are 
apparently sufficient compensatory abilities for adaptation of the organism to these 
conditions of respiration. 
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The quantitative indices of the change in the blood flow in this investigation are 
expressed in the following way. The absorption constant in the initial state was 0-044 
with 3 per cent absorption per minute. In the first period of investigation the constant K 
fell to 0-024, and the absorption of 24Na by the tissues fell to 2 per cent. In the second 
period of investigation the constant increased to 0-046 and the 24Na absorption per 
minute rose to 2-9 per cent. 
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Fic. 1. Curve of 24Na absorption. a— excess pressure of 10 mm. Hg produced 
under mask; 6 — pressure withdrawn. 


With increase in oxygen pressure under the mask to 20 mm. Hg most of the men 
tested (15 out of 17) showed a more or less pronounced reduction in the rate of tissue 
circulation. Only in two of the men tested were there no changes in the 24Na absorption, 
but in these two an increase in pressure under the mask to 30 mm. Hg was accom- 
panied by a marked reduction in the rate of tissue circulation. 

On examining the curves we noted irregularities in 24Na absorption at different 
times during the experiment, with the result that many of the curves had a steplike 
nature. We observed a somewhat steplike curve in the case of some of the subjects 
even in normal conditions, but during respiration under increased pressure the irre- 
gularity in the absorption of 24Na was much greater. 

As we know, the rather wavelike form of the 24Na absorption curve in normal 
conditions may be associated with fluctuations of the blood pressure [8]. Such changes 
are clearly seen in Fig. 2, which shows the 24Na absorption curve obtained from 
subject M breathing O> under a pressure of 20 mm. Hg. 

Our determinations of the arterial blood pressure in the subjects of these investi- 
gations showed that an increase in oxygen pressure under the mask regularly led to 
an increase in the blood pressure (maximum and minimum) by 10-25 mm. Hg. Here 
the increase in blood pressure was most pronounced in the first period of investigation, 
i.e. immediately after the pressure increase in the lungs, and subsequently the blood 
pressure in several cases began to fluctuate considerably. These pressure fluctuation 
were certainly reflected in the rate of circulation and hence, in the rate of absorption 
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of the isotope. Probably this was the reason for the steplike nature of the absorption 
curve. 

As already mentioned, in two of the subjects a 20 mm. Hg increase of O» pressure 
under the mask was not accompanied by a change in the rate of tissue circulation. 
On increase of the pressure under the mask to 30 mm. Hg, however, we noted a pro- 
nounced reduction in the 24Na absorption and the curve displayed a steplike character 


(Fig. 3). 
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Fic. 2. As Fig. 1. 1 — O 2 pressure under mask 20 mm Hg. 
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Fic. 3. Curve of 24Na absorption. a — excess pressure of 20 mm Hg produced 
under mask; 6 — excess pressure of 30 mm Hg produced under mask; c — pressure 
withdrawn. 


In many of the experiments (Fig. 3) the absorption of 24Na remained lowered 
for 15-20 min. after respiration had returned to normal. This effect was possibly due 
to a change in the permeability of the vascular wall to sodium ions. 
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From an analysis of the experimental data we were able to note the existence of 
three types of changes in the tissue circulation during respiration of oxygen under 
increased pressure. In the first group of subjects (2 out of 17) a pressure increase 
in the respiratory tracts to 20 mm. Hg was not accompanied by any marked changes 
in the tissue circulation; in the second group the subjects were characterized by a 
reduction in the rate of tissue respiration in the first few minutes of respiration under 
increased pressure, and this reduction progressed rapidly after 15-20 min.; finally, 
the third group was characterized by an initial deterioration in circulation with a 
subsequent more or less pronounced compensation. 

Such in general is the nature of the changes in the rate of absorption of the isotope, 
and hence in the rate of tissue circulation during respiration of O2 under increased 
pressure without the application of external compensation. 

In the second series of investigations we studied the rate of tissue circulation during 
the respiration of O) under increased pressure when compensating devices were 
employed. For this purpose two kinds of investigations were made: in one kind 
a counter-pressure on the body was applied at the same time as the increased pressure 
was created under the mask, i.e. the compensating device was operating; in the second 
kind, the increased pressure was created under the mask and the compensating device 
was not put into operation until some time later. The results of these experiments 
clearly showed that the operation of a compensating device either prevented, or con- 
siderably diminished, the fall in the rate of tissue circulation, which was a regular 
feature of the experiments where the compensating equipment was not used. On the 
other hand, its withdrawal during respiration under increased pressure was usually 
accompanied by a distinct fall in the rate of tissue circulation. 

As illustrations we show certain curves which demonstrate the changes in tissue 
circulation during respiration under increased pressure when compensating equip- 
ment was used. Fig. 4 shows the 24Na absorption curve obtained in one of these 
experiments. On examining the curve we see that the creation of a pressure of 20 mm. Hg 
under the mask caused a pronounced retardation of the tissue circulation. When the 
compensating device was put into operation after 17 min. it led to an appreciable 
restoration of the rate of tissue circulation. Here we note that the steplike nature of 
the curve, which was found during respiration under increased pressure without com- 
pensation, and which was apparently due to fluctuations of the blood pressure, 
disappeared when the compensating device was put into operation. The figures char- 
acterizing tissue circulation in this experiment are given in Table 1. 


TABLE 1. 


itial d Pressure applied ic 
Subject wane Cate under mask ompensation applie 


K absorption K % absorption | K | absorption 
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N-ks 0-49 #5 0-017 0-5 0-027 
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As Table 1 shows, increased oxygen pressure under the mask led to an appreciable 
reduction in the constant K and in the percentage absorption of 24Na per min. The 
operation of the compensating device was accompanied by a partial restoration of 
the rate of 24Na absorption, but full restoration did not take place. 
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Fic. 4. Curve of 24Na absorption. a— excess pressure of 20 mm. Hg produced 
under mask; b — compensating device in operation; c — excess pressure withdrawn 
and compensating device cut out. 


It must be noted that in an experiment carried out in this sequence, where the 
pressure increase under the mask preceded the operation of the compensating device, 
the rate of tissue circulation was subject to a much greater disturbance than with the 
simultaneous creation of pressure under the mask and counterpressure on the man’s 
body. This is clearly seen in Table 2 where we give the figures for 24Na absorption 
when the pressure under the mask and in the compensating device were created simul- 
taneously. In this case we find a very slight reduction in the rate of tissue circulation. 
Subsequent cutting out of the compensating device led to a marked deterioration in 
tissue circulation (Table 2). 

TABLE 2. 


Pressure under mask 
Pressure in suit Pressure under 


ith 
Subject withdrawn | mask withdrawn 


K absorption K absorption) K absorption) K  /o absorption 


| | | | 
B-ov 0-031 2:8 0-027 | 2:4 0-016 | 1-5 0-031 2-6 
| 


The beneficial effect of using a compensating suit was clearly revealed only at 
relatively low (20-30 mm. Hg) oxygen pressures under the mask. When greater O2 
pressures (50-60 mm. Hg) were created under the mask, the rate of tissue circulation 
fell markedly, despite a corresponding increase in pressure in the chambers of the 
compensating suit. This indicated its lack of effectiveness. 

In the case of respiration of oxygen under increased pressure (20-30 mm. Hg) 
we recorded regular ECG changes and these indicated functional improvement, as 
well as change in the position of the heart in the thorax. 
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When increased O, pressure was created under the mask, the ECGs of the men 
tested showed the development of sinus tachycardia, an increase in the P wave and 
a change in the size of the R,, Ry and R; waves, thus indicating a shift of the electrical 
axis of the heart to the right. Changes in the T wave in various leads were also due 
to some extent to the rightward displacement of the heart. The operation of a com- 
pensating device during respiration under increased pressure largely normalized the 
ECG. This was particularly clearly demonstrated in a vector analysis of the ECG. 
As an illustration we show the vector analysis of an ECG taken when the compensating 
device was put into operation in the case of subject L breathing under increased pressure 
without compensation. As can be seen from the vectors shown in Fig. 5 the operation 
of the compensating device prevented the displacement of the heart by creating an 
increased pressure in the lungs. 


Fic. 5. | — prior to investigation — normal; If — after simultaneous creation of 

pressure of 20 mm Hg under mask and 0:3 atm. in suit; III — after withdrawal 

of pressure in suit, respiration of O2 under pressure of 20 mm Hg; IV — 1 min after 
end of investigation. 


SUMMARY 
The results of the investigations carried out showed that an increase in oxygen 
pressure in the respiratory tracts leads to regular changes in the dynamics of the tissue 
circulation. These changes show individual differences and are manifested in the follow- 
ing way. In some people a relatively slight increase in oxygen pressure under the 
mask (10 mm Hg) produces a distinct reduction in the circulation rate, while in the 
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majority such changes are not observed until higher pressures (20 mm Hg). The use 
of compensating devices in the form of special suits which create a mechanical counter- 
pressure on the body, gives positive results, which become less pronounced at higher 
oxygen pressures (50 mm Hg or more) under the mask. 

The results we obtained do not claim to be a complete revelation of the whole 
picture of the changes in the haemodynamics during respiration under increased 
pressure. They only enable us to understand it partially and, perhaps, to suggest some 
lines for further study. In particular, it would be of importance to study the “topo- 
graphy” of the blood circulation (re-distribution of the blood stream) in these conditions, 
and also the state of the vascular tonus, a not unimportant factor in ensuring normal 
circulation. Translated by F. SINCLAIR 
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AUTORADIOGRAPHIC INVESTIGATION OF THE UPTAKE 
OF METHIONINE BY TUMOURS AND ANIMAL ORGANS 
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of Medical Sciences of the U.S.S.R., Moscow 


(Received 9 March 1957) 


INCORPORATION of methionine into the proteins of tumours and normal tissues has 
been principally studied, as in the case of phosphorus, by measuring radioactivity with 
standard counters. The method of autoradiography has been little used in the study 
of this problem [1]. We have been unable to discover any paper devoted to investigations 
on the incorporation of radioactive methionine into tumours by means of autoradio- 


graphy. 
* Biofizika 4: No. 4, 503-504, 1959. 
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The purpose of the present work was to ascertain by autoradiography the uptake 
of radioactive methionine by various rat and mouse organs and also by the tissues 
of some transplanted tumours in animals whereby a comparison could be made of 
the uptake of this isotope by certain tumours and organs on the one hand and that 
of the individual organs on the other. The work was performed on 13 rats and 8 mice. 


The sample of methionine used in the investigation was labelled with radioactive 
sulphur which during metabolism, as has been shown by Tarver and Schmidt [3], 
in part is retained within the methionine molecule and in part passes into the cysteine 
and cystine molecules, all of which form part of the protein. If the radioactive sulphur 
be introduced into the body not as a constituent of methionine but in the form of 
°° Na»SOy, no radioactive sulphur can be detected in the amino-acids. Consequently, 
incorporation of radioactive sulphur demonstrated by our autoradiographs can be 
used as a criterion of protein metabolism in the test tissues. The radioactive sulphur 
of the proteins is firmly fixed in the tissues and cannot be washed out during histological 
treatment. 


Fic. |. Autoradiograph of intestine, taken by means of radioactive methionine. 
(Animal killed 24 hr after administration of material.) Magnification 3-7 x 5. 


As can be seen from Table | and Fig. 1, the autoradiographs of the intestines in 
experiments with methionine differed sharply from those obtained in experiments 
with phosphorus. In contrast to the uptake of the latter, methionine was much more 
strongly incroporated into the region of the villi and especially into their epithelia. 

After 72 hr the content of radioactive methionine in the intestinal walls fell sub- 
stantially (the degree of blackening of the plate fell to between a third and a quarter) 
and the outlines of the autoradiograph disappeared leaving a uniform whole as in 
the case of radioactive phosphorus (Fig. 2). 

As for the spleen, it was clear from the autoradiograph (Fig. 3) that methionine, 
like radioactive phosphorus, was incorporated to a greater extent in the follicles. 


t The technique has been described in the article “Autoradiographic Investigation of the Uptake 
of Phosphorous by Tumours and Animal Organs” [2]. Preparation of autographs by means of radio- 
active methionine differed from that for phosphorus in that the sections were 10 u thick and the expos- 
ure time 20 days. 
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Fic. 2. Autoradiograph of intestine, taken by means of radioactive methionine. 
(72 hr after administration of material.) Magnification 3-7 x5. 


Fic. 3. Autoradiograph of spleen, taken by means of radioactive methionine. 
(24 hr after administration of material.) Magnification 3-7 x5. 


Fic. 4. Autoradiograph of kidney, taken by means of radioactive methionine. 
(Animal killed 24 hr after administration of material.) Magnification 3-7 x 5. 
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After 72 hr this organ also lost a considerable proportion of the radioactive methionine 
so that differences between the follicles and pulp could no longer be detected. Of all 
the organs investigated, the convoluted tubules of the inner zone of the renal cortex 
(Henle’s loop) (Fig. 4) showed the highest uptake of radioactive methionine. The 
peripheral zone of the cortical layer incorporated the radioactive methionine to a lesser 
degree and the glomeruli had a bright appearance, methionine being contained in only 
the convoluted tubules of this layer. The cells of the collecting tubules did not in- 
corporate methionine at all. 

After 72 hr the content of radioactive sulphur fell appreciably in all parts of the 
kidneys but the pattern of distribution in its structural elements remained unchanged. 


There was high and uniform incorporation of methionine into the proteins of the 
liver cells which fell off after 72 hr although remaining at quite a high level. Little 
was incorporated into the grey matter of the brain or into the muscles and there was 
no appreciable change 72 hr after introduction of the isotope. 


TABLE 1. 


Average figures of 
darkening on photographic 
plate in autogram region 
after introduction of isotope 


at 24 hr ‘at 72 hr 


Organ or tissue 


Intestines Region of villi 14-7 2:24 
Region of crypts 7:76 
Follicles 6°17 2-24 


Spleen | Pulp 4-68 
Peripheral zone of cortical 
layer 10-47 


Kidneys Region of Henle’s loop | 58-48 
Medullary layer 6-92 


Liver 9-33 
Brain 1-58 
Muscle 1-57 
Sarcoma 45 9-55 
Ehrlich tumour 5-01 
Carcinoma of mammary 

gland (RSM — “grey 

mouse carcinoma”’) 


The uptake of methionine by tumours resembled that for the intestines, spleen 
and liver. In the same manner as radioactive phosphorus, there was no appreciable 
change in the methionine content of Ehrlich tumour 72 hr after introduction of the 
isotope, but its level was down by almost half in mouse mammary carcinoma. On 
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the autoradiographs of Ehrlich tumour, as in the case of phosphorus, it was clear 
that the methionine was incorporated only into the live tumour cells (Fig. 5) while 
in the autoradiographs of mammary carcinoma the adenomatous structure “of the 
tumour could be seen. ‘ 


Fic. 5. Autoradiograph of Ehrlich tumour, taken by means of radioactive methionine. 

(Animal killed 24 hr after administration of material.) Magnification 3-75. The 

picture shows that the methionine is taken up only in the living parts of the tumour 
and not in the surrounding necrotic masses. 


DISCUSSION OF RESULTS 


It was found possible by the method of autoradiography to study the uptake of 
radioactive methionine into the various structures of normal organs and in some 


transplanted tumours. 

It was thereby demonstrated that in a number of organs (in particular, in the kidneys 
and spleen) different pictures are to be seen with use of phosphorus, which in the con- 
ditions of our experiments was chiefly incorporated into the nucleic acids, and from 
those seen with the use of methionine, which was incorporated into the proteins. The 
radioactive methionine was incorporated into the epithelium of the intestinal villi, 
the phosphorus into the region of the crypts. Whereas uptake of radioactive phos- 
phorus by the kidneys was slight and uniformly distributed in the various tubules, 
radioactive methionine in the kidneys was essentially concentrated in Henle’s loops. 
The incorporation of both substances was quite similar for the spleen, the bulk being 
found in the follicles, but there was a much greater divergence between the uptake 
of phosphorus by the cellular elements of the follicles and by the pulp than was the 
case with methionine. Autoradiographs made 72 hr after introduction of the radioactive 
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substances showed that a considerable reduction had taken place during this time 
in the levels in the organs, particularly in the level of radioactive sulphur in the 
intestines and spleen, thereby eliminating the differences in the isotope levels in the 
structures of the intestines and spleen which were, however, maintained in the case 
of methionine in the kidneys. 

SUMMARY 

(1) Uptake of radioactive methionine by the epithelium of the villi of the small 
intestines, the follicles and the pulp of the spleen and, in particular, by Henle’s loops 
was very high. In the liver, incorporation of methionine was fairly intensive and its 
distribution uniform. Autoradiographs of sections of some tumours established that 
there is intensive incorporation of methionine into the living tumour and that it is 
on a par with that for the liver and spleen. 

(2) It was possible to observe the histological structure of certain tumours (adeno- 
carcinoma of the mammary gland) by means of autograms. 

(3) Within 72 hr of its introduction a considerable reduction occurred in the radio- 
active methionine content, which showed a levelling off for the various histological 
structures with the exception of the kidneys. 

Translated by A. Crozy 
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LETTERS TO THE EDITOR 


THE EFFECT OF A CONSTANT MAGNETIC FIELD ON THE 
EXCITATION THRESHOLD OF ISOLATED FROG NERVE* 


E. A. LIBERMAN, M.N. VAINTSVAIG and L. M. TSOFINA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 4 December 1958) 


Petrov [1] and Erdman [2] described experiments which showed the effect of a constant 
magnetic field on the rheobase and chronaxie in isolated frog nerve. If such an effect 
actually took place, it would be possible to draw some important conclusions as to 
the nature of the electric current carriers in nerve [3]. A constant magnetic field can 
act only on a moving charge. The current carriers in a nerve are ions, which possess 
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low mobility. Hence we might surmise that “magnetic effects” are associated with 
the presence of electron-type carriers. 

In the present work we made an attempt to reproduce the experiments of these 
authors on whole isolated frog nerve. We did not succeed, however, in detecting the 
described effect of a constant magnetic field. 


Fic. 1. Experimental arrangement for recording an action current from an excited 
node of Ranvier. 
| — sciatic nerve of frog; 2—single myelinated fibre, the portion between the 
nodes of Ranvier in the air-gap bridge-insulator; 3 — nodes of Ranvier; 4 — cover- 
slips forming the air-gap bridge-insulator; 5 — polystyrene support; 6 — electro- 
magnet core; 7 — stimulating and tapping electrodes; 8 — Ringer solution. 


It should be noted that the accuracy in measuring the rheobase and chronaxie 
on whole nerve is not high. Usually the measurements made are of the responses 
of those single fibres which are most sensitive and have been positioned satisfactorily 
relative to the electrodes. In fact, the effect of the agent on these individual fibres is 
studied. Hence in order to increase the accuracy of our work, the magnetic field experi- 
ments were conducted on single fibres of frog sciatic nerve, prepared according to 
Tasaki’s method [4]. From the isolated frog nerve we removed the sheath. The nerve 
fibres were separated with two fine sewing needles. With these same needles all the 
fibres but one were cut. When the preparation of the nerve was completed the cover- 
slips 4, illustrated on Figs. 1 and 2, were drawn aside, and part of the nerve fibre 
(with no nodes of Ranvier) lay in the air-gap over the slit. A magnetic field of intensity 
10,000 oersteds was created by means of an electromagnet [5]. The pole pieces had 
a diameter of 5 mm. The distance between the poles was 2-3 mm. The node of 
Ranvier to be excited was placed in the magnetic field. The fibre lay across the line 
of the field. 

Instead of the rheobase and chronaxie we measured two equivalent parameters: 
the threshold strength of rectangular current pulses of 2 msec and 0-2 msec duration. 

We note that, according to our observations, as also in Tasaki’s experiments [5], 
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the threshold change of potential on the membrane at the node of Ranvier was 
approximately constant, independent of the duration of the excited pulse. 

All the experiments were performed in two variants: (a) an action current was 
led out from an excited prepared node of Ranvier situated in the magnetic field 
(Fig. 1); (b) an unprepared portion of whole nerve, placed in the magnetic field, was 
excited (Fig. 2). In this case the node under study was in normal physiological con- 
ditions. The accuracy in measuring the threshold was approximately the same in both 
cases. 


Fic. 2. Experimental arrangement for exciting whole nerve. 


| —-sciatic nerve of frog; 2 —single myelinated fibre, the portion between the 
nodes of Ranvier in the air-gap bridge-insulator; 3 — nodes of Ranvier; 4 — cover- 
slips forming the air-gap bridge insulator; 5— polystyrene support; 6 — electro- 
magnet core; 7 — stimulating electrodes; 8 — tapping electrodes; 9 — Ringer solution. 


The repetition frequency of the exciting pulses could be varied from 0-1 to 150 ¢/s. 
As a rule, we used a frequency of | c/s since at greater frequency the excitation threshold 
for pulses following the first was usually lower. The current strength of the exciting 
rectangular pulses was varied by means of two potentiometers, a coarse and fine. 
The fine potentiometer could alter the current amplitude by 0-1 per cent. The threshold 
current strength of the pulses of both durations was constant in a considerable pro- 
portion of the fibres, to an accuracy of +1 per cent. In individual cases we succeeded 
in attaining an accuracy of measurement to within +0-5 per cent. In many fibres 
the threshold remained constant for an hour or more. 

After eliminating the various induction effects arising when the electromagnet 
was switched on, we found that a constant magnetic field did not alter the excitation 
threshold (within the limits of accuracy mentioned above — +-1 per cent) in any of 
the cases investigated. We did not detect any effect due to a constant magnetic field 
even in the case where a 0:4°/) phenol solution was added to the Ringer solution. 
According to [2] the employment of such a solution gives a more marked effect. 
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From these experiments it can be affirmed that unless the accuracy is increased 
there is no detectable effect due to a constant magnetic field on the excitation threshold 
and chronaxie of nerve. 

To increase the accuracy in measuring the threshold is difficult. It would be of 
interest to verify if a constant magnetic field affects the rapid current oscillations 
through the membrane, which arise when the threshold potential on the membrane 
of the node of Ranvier is held constant by the voltage-clamp method [6]. 


SUMMARY 

(1) The excitation threshold of a single myelinated nerve fibre of a frog, determined 

to an accuracy of +1 per cent, does not change after exposure to a constant magnetic 
field of more than 10,000 oersteds. 

(2) The changes in the properties of isolated frog nerve on exposure to a constant 

magnetic field, as observed by other investigators [l1, 2], were not due to the action 


of the constant magnetic field. 
Translated by F. SINCLAIR 
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EFFECT OF X-RADIATION 
ON THE CELLULOSE CONTENTS OF WHEAT PLANTS* 


I. M. VAsiL’EV and N. D. RYBALKA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 29 November 1958) 


BENEDICKT and Kersten [1] showed that moderate doses of X-radiation given to grains 
of wheat caused hydrolysis of starch and a rise in the sugar content. The effect of 
hydrolysis of starch was visually observed in irradiated pollen grains of hazelnut, 
molds, and tradescantia by Breslavets [2]. The question arose of whether there were 
similar changes in celluloses. These polymers, as is well known, enter into the com- 
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position of the cell wall, although they do not lose mobility there, and in recognized 
conditions they can undergo autohydrolysis [3]. The present work answers the question 


raised. 


METHODS 

In the experiments the plant used was winter wheat No. 599. It was grown on 
Knopp’s nutrient solution, maintained in conditions of constant temperature and 
illumination, and irradiated over a period of 4-6 days. The source of radiation was 
a RUM machine, run at 180 kV and 18 mA without a filter. Analyses were made 
immediately after irradiation. For this, the leaves were cut off at the base or at the 
coleoptile level (experiments | and 2), fixed in liquid nitrogen, ground up in the frozen 
state, and then dried. The samples were freed of sugars and hemi-celluloses and hydro- 
lysed by immersion for 5 hr in 80°/) HjSO4 in a water bath; after neutralization the 
hydrolysate was analysed by the method of Hagendorn and Jensen. 


RESULTS 


Tasie |. CELLULOSE CONTENT OF WHEAT LEAVES (IN MG SUGAR PER G DRY WEIGHT OF LEAVES) 


No. of | Dose of 
experi- radiation Non-irradiated Irradiated Difference 
ment (kr) 


5 239-3 5-9 232-9 1-7 
2 5 2120 5:3 222-8 3-2 10-8 62 
3 5 190-9 0-9 188-3 0-3 26 0-7 
4 5 183-7 4:7 1836 5:5 7:2 
5 50 161-4 | 162-2 0-8 
6 175-2 7:7 188-1 26 


CONCLUSION 
Examination of the experimental results leads to the conclusion that X-irradiation 

of wheat plants, even with such large doses as 50 or 100 kr, does not affect their 

cellulose content. There is no difference, in this respect, between irradiated and non- 

irradiated plants. 

Translated by D. Rosen 
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DISCUSSION 


AUTORADIOGRAPHS OF BIOLOGICAL TISSUES 
OBTAINED BY MEANS OF THEIR NATURAL 
RADIOACTIVITY * 


Ta. V. MAMUL’ 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 20 March 1959) 


DuRING the last few years the autoradiographic method of investigation has been 
widely applied in various branches of biology and medicine. However, in particular 
instances because of the insufficient thought given to the technique of preparation 
and the uncritical evaluation of the results obtained, artefacts formed in the photo- 
graphic emulsion have been taken as genuine images of the in vivo localization of 
radioactive substances in the biological objects studied. It is natural that erroneous 
conclusions have been drawn from an analysis of such artefacts. 

For example, in a number of articles published by Drobkov [1, 2, 8, 9, 11] the author 
asserts that plant and animal tissues photograph themselves by virtue of the very small 
amounts of natural radioactive elements accumulating during the vital activity and 
that when air-dried biological tissues are applied to a photographic plate prints are 
obtained depicting the distribution of the natural radioactivity within them. These 
notions have been the subject of sharp criticism at various scientific conferences. 


The statement that plants are able to photograph themselves was first made in 
an article “The Biological Role of Natural Radioactive Elements” [1, p. 89]: “Plants 
photograph themselves in the dark on account of natural radioactive energy. By 
this means it is possible to obtain a radiophotograph of any plant cultivated in natural 
conditions since plants always contain potassium, radium, uranium, thorium, radio- 
active carbon and other radioactive elements”. As evidence a print of sugar beet is 
reproduced with the caption “Radiophotograph of sugar beet obtained chiefly by 
virtue of the radioactive emanations of potassium”. (Natural potassium contains 
approximately 0-01 per cent of its radioactive isotope 4°K with a half-life of 1-3 x 109 
years). On the same page we read “The sugar beet was grown in culture pans containing 
all the nutrients necessary, with raised doses of potassium”. 

The article, therefore, contains a contradiction since the introduction into the culture 
medium of raised doses of potassium containing 4°K is at variance with the assertion 
that it is possible to obtain an autoradiograph of any plant grown in natural conditions 
without the addition of potassium to the soil. 


* Biofizika 4: No. 4, 508-510, 1959. 
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In a subsequent article on this question printed in the collection of papers “Trace 
Elements in the Life of Plants and Animals” [2, p. 512] an illustration of a print of 
deal is given with the caption “Radiophotograph of wood obtained by means of the 
natural radioactivity content with use of an intensifying screen”. 

We shall show the untenability of the evidence furnished by Drobkov and the in- 
correctness of his interpretation of the print illustrated. It is known that more than 
fifty years ago Russel [3] published a print of a sample of wood obtained in the same 
manner without use of an intensifying screen and demonstrated that the cause of the 
formation of such images were the volatile peroxides given off by the wood and pos- 
sessing a marked effect on the photographic emulsion. There is especially strong 
evolution of these compounds from samples of conifer wood containing compounds 
of the terpene series. In particular, this may explain the heavy fogging of photographic 
plates kept for a lengthy period in wooden cassettes. All old text-books published 
at a time when cassettes and cameras were made of wood issue warnings on this very 
point. It is known that peroxide vapours readily penetrate such porous substances 
as paper and even fine-lacquered surfaces. 

Fig. 1 shows a print obtained by us on leaving resin obtained from conifers of the 
Moscow Region on a piece of gauze in contact with an X-ray film for 20 days. It is 
possible by a simple calculation to demonstrate the level of radioactivity of the sample 
capable of producing a visible image on photographic emulsion within the stated expo- 
sure time. We would recall that for the formation of darkening of an X-ray photo- 
graphic emulsion visible to the naked eye it would be necessary for 107 «- or 8- 
particles to fall on each cm? of its surface*. 

This magnitude has been determined experimentally by many investigators and 
in particular by Herz [4]. 

In these conditions it is necessary that 107/(20 x 24 x 60) ~ 350 particles per 1 cm? 
of the surface of the resin sample must fall in 1 min on the emulsion. Yet, it is im- 
possible to detect the presence of radioactivity in the resin by means of a counter. 
The arguments advanced by Drobkov are also directly invalidated by the fact that 
visible prints do not form on photographic emulsion on exposure of samples of biolo- 
gical tissues, including resins, at low temperatures (—20 to —30°C) when the effect 
of the radioactivity on the photographic emulsion is not disturbed, whereas the 
chemical factor is eliminated. 

Thus, the print of deal presented by Drobkov is shown to be no more than the 
classical chemograph showing the distribution of resinous substances in the wood 
of conifers. 

Drobkov in his published writings states that the prints of biological tissues obtained 
by him were formed chiefly on account of their potassium content. 

In this respect it is of interest to calculate the time needed to produce an image 
visible to the naked eye of sugar beet on an X-ray photographic emulsion. Our cal- 


* We need not here consider y-rays since, compared with the action of «- and $-particles on the 
photographic emulsion, y-rays produce negligible ionization in a fine layer of the photographic emulsion 
and do not in practice play any real part in formation of the autoradiographic image. 
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culations give 170 years as the approximate time required. It is, therefore, not sur- 
prising that no investigator other than Drobkov, either in the U.S.S.R. or abroad, 
has found visible images of plants, or any other biological tissues when exposed in 
conditions in which they were unable to exert a chemical action on the photographic 
emulsion. 


Fic. 1. A print of resin placed on gauze. Exposed for 20 days on X-ray film. Admission 
of volatile photographically-active substances to the photographic emulsion is impeded 
by means of strips of celluloid. 


This does not mean that photographic emulsion does not record the emanations 
of natural radioactive elements contained in the tissues. The results of their action 
may be seen under the microscope and can be measured quantitatively by the autorad- 
iographic method. Work of this nature has been undertaken by a number of investi- 
gators including Baranov and co-workers [10] using for this purpose thicklayered 
nuclear plates with a count of the number of tracks of «- particles (above background) 
formed per unit area of developed photographic emulsion during the time of exposure 
of the samples. 

We now turn to the consideration of this problem in the section of the book by 
Drobkov [8] entitled “The Autoradiographic Method”. Apparently fearing further 
criticism of his views in connexion with the publication of this book, Drobkov considered 
it necessary to state at the beginning of this section: “Given low concentrations of 
radioactive elements in plants not exceeding natural radioactivity it is not possible 
even on prolonged exposure to obtain images of plants on photographic plate”. 
Yet, on pp. 119 and 120 Drobkov again presents prints depicting a slice of apple and 
the sex organs of a rabbit with the words “due to natural radioactivity” included in 
their captions. 

Boyd [5] and later Byelavina [6] have demonstrated with use of extensive experimental 
material that the chemical action of animal tissues produces blackening on prolonged 
exposure on photographic emulsion comparable in degree with that produced by 
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tracer doses of radioactivity introduced artificially into the animal in investigations 
with labelled atoms. 

In addition, with use of tissues which have not been fixed, diffusion of substances 
occurs after death which distorts their in vivo localization in the fine structures of the 
biological objects. These distortion effects may be counteracted in various ways, for 
example, by fixing the tissues by rapid freezing and exposing them on the photographic 
emulsion in the frozen state at a temperature between —20 and —30°C [7]. 

Drobkov, without making a single experiment on animal tissues, interprets the 
chemogram obtained by him of the sex organs of a rabbit as an autoradiogram produced 
by natural radioactive elements. 

Let us take another instance dealt with by Drobkov in the section “Trace Elements 
in the Life of Animals and Plants”, in his doctoral dissertation, at the inter-university 
conference on trace elements [9] and, finally, in his book considered by us [8]. 
He states on p. 116 “On close observation of the radiophotograph (p. 17) it is not 
difficult to notice the dark background of the negative ... whereas when a radiophoto- 
graph is obtained with shorter exposure times the background of the negative is bright ... 
The explanation is that the paper was photographed in the dark by which means we 
sought to protect the highly-sensitive photographic film from the action on it of the 
wooden base of the cassette. However, we obtained the opposite result. We have 
for several years been seeking a means of protection of the highly-sensitive X-ray 
film from the action of the radioactivity of the surroundings. As a result it has been 
established that the most reliable material for this purpose is photographic or X-ray 
film itself. Glass and various metals are photographed in the dark with prolonged 
exposures” (our emphasis — Ia. M.). 

Just how naive these remarks really are can be seen from the fact that the bottom 
of the wooden box made of deal board used by Drobkov as a cassette continuously 
emits “volatile peroxide gases” readily penetrating the porous sheet of paper and with 
strong action on the photographic emulsion. Fogging of the photographic emulsion 
is considerably reduced by replacing the paper by one or more sheets of non-porous 
celluloid. From which we see that the natural radioactivity of the paper has nothing 
to do with it. 

As regards the ability of glass, paper or celluloid to photograph themselves it is 
common knowledge that photographic films, paper and plates carefully protected 
from moisture retain their usefulness for a period tens of times greater than the exposure 
time used by Drobkov in his box. 

We thus see that the story of the self-photographing paper and glass reprinted 
from one article to another is a piece of sheer fantasy in the mind of Drobkov. 

Finally, we must again return to the fact that the overwhelming majority of auto- 
radiographs (22 of 24) given in his book have been published previously by Drobkov. 
[1, 2, 11]. They were prepared by placing air-dried plants on photographic emulsion. 
This technique was subject to criticism in 1955, reference being made to the inadmis- 
sibility of applying air-dried plants to the photographic emulsion because of the pos- 
sible chemical effect of the photographically-active substances contained in the plant 
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tissues; but Drobkov still finds it possible to present us with the same autoradiograph 
in his book published in 1958 [8]. However, here he asserts that the plants were dried 
for 4-5 hr at 80-90°C. Since drying of plants prior to autoradiography was not carried 
out in a thermostatically controlled oven, it is clear that the prints given in this book 
(22 of 24) are a mixture of chemographic and autoradiographic images. Which of 
these is the dominant factor cannot be determined, but it can be stated quite empha- 
tically that there can b2 no question of drawing reliable scientific conclusions on the 
in vivo localizations of radioactivity in plants on the basis of prints prepared in this 
manner. 
Translated by A. Crozy 
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SYMPOSIUM ON INFORMATION THEORY IN BIOLOGY*? 


H. YOCKEY 


(Received 10 January 1959) 


THE great interest in information theory, which in recent years has gripped many 
scientists of the most varied specialties, is an example of how a special mathematical 
theory, developed in its time for the solution of a very narrow problem (increasing 
the efficiency of television communication), has been found to display zreat promise 
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when applied in various branches of science and engineering. dn fact, any process 
in nature can be approached from the viewpoint of the amount of information transferred 
during the process; any structure can be considered from the viewpoint of its degree 
of orderliness and the amount of information stored by it. Hence information theory 
is truly universal. In several cases, however, it is not clear if the application of the 
information theory in a particular field of science is justified, i.e. it is not always obvious 
if it is possible to obtain non-trivial results by applying information theory. This 
very probably is the position at present in regard to the question of the application 
of information theory in biology. As H. Quastler noted in one of the papers in the 
symposium under review, it is not yet out of the question that any biologist occupied 
with information theory is wasting his time. Generally speaking, the same can be 
said of any new theory. 

The very great role of orderliness and regularity in biological structures and the 
preservation of this order in biological processes are beyond doubt. Hence the 
application of information theory in biology is quite logical. It should be admitted, 
however, that so far information theory has not yet given any fundamental non- 
trivial results in biology. But, even if the application of information theory can help 
us to a clearer formulation of basic biological problems, its application will be justied. 


The position in this field is made difficult by the fact that biologists are not acquain- 
ted with the mathematical apparatus of the information theory, and mathematicians 
are unfamiliar with biological problems. A symposium on the application of infor- 
mation theory in biology. held in October 1956 in the U.S.A., was aimed at assisting 
to bridge this gap. 

The reviewed symposium consisted of seven sections. In the first introductory 
section two articles were given: “Primer on Information Theory” by Quastler and 
“Some Introductory Ideas Concerning the Application of Information Theory in 
Biology” by Yockey. Quastler’s long, very clearly written article, in an easily under- 
standable yet rigorous form, sets out the principles of information theory. This article 
is of great interest and can be recommended as a text for biologists and biophysicists 
who intend to take up information theory. Yockey’s article is of a more specialized 
nature and is devoted mainly to a consideration of the role of “noise” in the trans- 
mission of genetical information. 

In the second section headed “Storage and Transfer of Information” four papers 
are devoted to problems of the transfer of information and coding in protein biosynthesis. 
Gamow and Yéas discuss the as yet unsuccessful attempts to create a theory, unam- 
biguously connecting the sequence of nucleotides in deoxyribonucleic acid with the 
sequence of amino-acids in proteins. The papers of Yéas and Augenstine examine 
the general laws of sequence of amino-acid residues in proteins and the relation between 
the structure of proteins and the information contained in them. The other articles 
in this section are devoted to more practical and narrower questions (for instance, 
“Evidence for a Negative Feedback System Controlling Liver Regeneration”, and 


so on). 
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The third section “Determination of Information Measures” contains several 
articles devoted to a discussion of practical questions of biochemistry and biophysics 
from the viewpoint of information theory. There is a very interesting paper by Freed 
on chemistry and biochemistry at low temperatures, in which numerous facts are given 
about the course of chemical and biochemical reactions at very low temperatures. 
The theoretical paper of Berman and Schonfield deals with methods of treating data 
from labelled atom experiments in order to obtain the greatest possible information. 
Several articles deal with the application of information theory to the mechanisms 
of membrane processes, the action of co-enzymes and antigenic specificity. Rapoport 
contributes a rather unusual paper, in which he discusses the application of information 
theory to the solution of logical problems in connexion with psychological investiga- 
tions. 

The fourth and fifth sections contain articles on the application of information 
theory to problems of radiobiology, ageing, and malignant growth. In a long paper 
W. Gordy sets out the principles of electron paramagnetic resonance and its application 
in radiobiological studies. The paper of Platzman and Franck proposes a new mecha- 
nism for protein inactivation under the action of ionizing radiation, and which consists 
in the setting up of a polarization wave in the macromolecule as a result of one or 
several ionizations acts with a subsequent exchange of energy, resulting finally in 
the rupture of many weak bonds. Despite some vagueness, this idea appears very 
promising. Several papers deal with the problem of aging from the viewpoint of 
information theory. Gordy’s article on the possible role of free radicals in giving 
rise to mutations and cancer is of a somewhat assertive nature. 

The two articles in the sixth section deal with questions of the directed growth 
of organisms and the problem of recognition of images by means of the mosaic receptors 
of the eye. 

In the seventh and final section there is a brief account of the results of an informal 
discussion of the general state of the problem of the application of information theory 
in biology. This discussion was held among eleven of the participants after the con- 
clusion of the conference. 

Summing up, we can say that the symposium gives a good illustration of the present 
state of the problem under review. The general picture created from an examination 
of the material of the symposium does not give any basis for over-optimistic con- 
clusions. It may be hoped, however, that further investigations into the application 
of information theory to biological questions will give new and valuable results and 
will lead to a better understanding of several problems. Certain of the symposium 
papers, dealing with general as well as particular problems, are of considerable interest 


in themselves. 
Translated by F. Sixncvatr 
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PROBLEMS FACING THIS JOURNAL DURING THE SEVEN 
YEAR PLAN* 


THE Twenty-first Congress of the Communist Party of the Soviet Union demonstrated 
the aspiration and will-power of the Soviet peoples when it adopted the great plan 
of building up the material foundations of the future communist society in our country. 
The Seven Year Plan of unimaginable transformations and progress in industry and 
agriculture is rightly called the Great Peace Plan by our people; its accomplishment 
will bring about the growth of working prosperity and the blossoming of culture, art 
and science. “In the present phase of construction of the communist society”, says 
the resolution of the Twenty-first Congress, “all great advance is gained through science. 
In having recorded the enormous achievements of Soviet science in all fields of knowled- 
ge, and particularly in the fields of nuclear physics, and atomic energy, jet aviation 
and rocket techniques, the Congress considers it necessary to achieve in the course 
of the next seven years a still more rapid development in all branches of science, and 
the accomplishment of important theoretical research guaranteeing subsequent scientific 
and technical progress. With this aim, a wide program of scientific research is to be 
initiated, with the scientific strength and resources concentrated in the major directions 
of practical and theoretical importance”. 

A special resolution stresses that the importance of the complex of biological sciences 
will grow in accordance with the use in them of physics and chemistry; and that such 
divisions of biology as biochemistry, biophysics, microbiology, genetics, and so on 
must be developed with particular intensiveness. 

On 27 March 1959 the General Assembly of the Academy of Sciences of the U.S.S.R. 
defined the basic directions of scientific research into which attention and resources 
will probably be concentrated in the first instance in the next seven years. Of six such 
directions indicated to Soviet biologists, two appear immediately as the most important 
research problems facing biophysics and radiobiology: (1) the physicochemical and 
structural basis of vital processes, with particular reference to the control of metabolism 
and the problem of cancer; (2) the basic rules and mechanisms of the action of ionizing 
radiations on biological objects and the elaboration of a protection against radiation 
sickness. 

Biophysics must contribute to the development of these directions of research 
and will provide first place in its pages for appropriate work. In the present stage of 
development of our sciences it is extremely important to have studies revealing the 
causal links that exist between, on the one hand, effects occurring at the molecular 
and submicroscopic levels and, on the other hand, such biological processes as growth, 
irritability and mobility, steadiness and variation, and the response of living things 
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to actions of different physical agents — and notably, in the first instance, to the action 
of ionizing radiation. Apart from the pursuit of new experimental methods of investiga- 
tion, much information will be given through new theoretical approaches and, in 
particular, by the use of mathematical methods. 

Such study of elementary biological processes, taking into account not only all 
the complexity of exchange reactions, but also the structural features of living organisms 
necessary for the realization of these processes, must in principle give new ways for 
understanding the nature of malignant growths, for understanding those changes which 
occur in the living cell under the action of highly energetic ionizing particles, and for 
the deliberate intervention in these processes and the direction of them as required 
for the sake of mankind. 

In solving the problems confronting biophysicists, exceptional importance attaches 
to the creative use of the most recently developed physical methods applicable to the 
study of the material bases of fast and slow biological processes. The broad develop- 
ment of methods of automatic observation and mechanical treatment of the results 
is of great interest both for experimental and theoretical study, and for practical utiliza- 
tion. However, the wide use in biology of electronics and, in particular, of computing 
equipment requires not only discussion but also propaganda. Biophysics will now 
and henceforth stress such new methods by giving yet more attention to the correspon- 
ding section of the journal. 

Theoretical studies of the physicochemical foundations of vital phenomena and 
of the basic mechanisms in the action of ionizing radiations on biological objects must 
give new approaches to the solution of such enormously important practical questions 
as: the diagnosis of cancer and the search for new therapeutic methods; defence against 
the harmful effects of ionizing radiations; the use of radiation in agriculture, the phar- 
maceutical industry, and for medical treatment; the management of exchange processes 
with the aim of increasing productivity; and so on. It should be emphasized that 
present progress in these directions allows us, even now, to give valuable instructions 
and recommendations of practical value to agriculture, to the pharmaceutical industry, 
and to medicine. The outcome of these considerations is that the elucidation of major 
theoretical questions must be closely linked to the solution of practical problems; 
and Biophysics will introduce to its readers a special section of short communications 
which already have, or can have, immediate application to reasearch work in progress. 

Current biophysics puts before us a fascinating problem — to penetrate into the 
physicochemical foundations of vital phenomena and to understand, by use of the 
methodology of dialectical materialism, the material bases of biological processes — 
and it is a discipline of great significance for the formulation of a materialistic world- 
outlook. Biophysics, in publishing reports of experimental science, discussing in its 
pages the basic problems of biophysical theory, and subjecting to critical review indivi- 
dual monographs and proceedings of scientific conferences, symposia, and congresses, 
will promote the strengthening of true dialectical-materialistic views of nature, and 
will expose the characteristic errors and falsities of idealistic and theological commen- 


taries. 
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The editors are confident that the large and continually increasing group of the 
journal’s authors, inspired by the great plan of constructing a communist society 
and correctly understanding their role in using the leading trends of science to accelerate 
to the maximum the progress in agriculture, medicine, and the pharmaceutical industry, 
will assist the journal to carry out the important duties which face it. 


Translated by D. ROSEN 


ANOMALOUS MAGNETIC PROPERTIES OF NUCLEIC 
ACIDS * 


L. A. BLIUMENFEL’D 


Laboratory of Anisotropic Structures, Moscow 


(Received 28 April 1959) 


A PAPER by Bliumenfel’d, Kalmanson and Shéng P’ei-kén [1] described the results 
of an investigation of the electron paramagnetic resonance (e.p.r.) spectra of various 
preparations of ribonucleic acid (RNA), deoxyribonucleic acid (DNA) and complexes 
of RNA with proteins. In this work it was found that certain preparations of RNA 
and DNA gave extremely broad e.p.r. lines of high integral intensity characterized 
by marked asymmetry and sometimes by distinct absorption in zero magnetic field. 
A particularly strong effect was observed in artificial complexes of RNA (Merck 
preparation) with serum and egg albumin. In this case the original preparations of 
RNA and proteins did not give e.p.r. signals, but complexes prepared under strictly 
determined conditions gave intense broad e.p.r. lines, the integral intensity of which 
corresponded to the presence of ~ 102! unpaired electrons per gramme of preparation. 
If we take into account the fact that the RNA content of the complexes was 16 per cent 
and that none of the investigated proteins gave e.p.r. spectra, then we may postulate 
that the concentration of unpaired electrons in the RNA complexes was even higher 
(~ 6x 102!/g). This means that in the RNA molecule there are two to three unpaired 
electrons to each nucleotide residue. The shape of the observed e.p.r. lines, their marked 
asymmetry, the absorption in zero field, and their temperature dependence (abrupt 
disappearance of e.p.r. signal when the temperature is lowered to a certain value) 
are very similar to the corresponding characteristics of the e.p.r. lines of paramagnetic 
substances of the type Cr20;, MnO, MnSe, etc., which possess antiferromagnetic 
properties. 

The width of the lines between the points of greatest slope was 500-1000 oersteds 
for complexes and for those RNA and DNA preparations which gave an effect without 
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complex-formation; the tails of the lines extended to many thousands of oersteds, 
the g-factor of the point of maximum absorption was usually very close to the purely 
spin value (2:0023), although it was shifted towards the higher values (2-1-2-4). For 
some DNA preparations this shift could attain much higher values. For such broad 
asymmetric e.p.r. lines with absorption in zero field we cannot indicate any single 
effective value of g. In fact, more than 50 per cent of the integral intensity of the signal 
corresponded to g-factors of 4 and more. 

Similar lines were found with a number of lyophilized preparations of tissues con- 
taining a large quantity of nucleic acids (bone marrow, leucocytic mass, certain regions 
of the human brain cortex). In relation to the nucleic acid content, the intensities of 
the lines were in no instance less than in the case of artificial complexes of RNA with 
proteins. 

The effects discovered in the work cited above [1] are quite irreconcilable with 
existing ideas about the structure of nucleic acids, and even with the generally accepted 
tenets of quantum chemistry and magnetochemistry. The experimental results indicate 
that polymeric structures consisting of the light atoms O, N, P, C, and H, and not 
containing any appreciable number of metal ions with unpaired electrons in their 
inner electron shells, may in the ground state have a vast number of unpaired electrons, 
which must be extremely disadvantageous energetically on the basis of existing ideas in 
quantum chemistry. And what is more, this cloud of unpaired electrons creates within 
the molecule strong anistropic magnetic fields, which lead to the broadening and 
asymmetry of the lines and to the removal of spatial magnetic degeneration in zero 
external field. These effects, and also the presence of an antiferromagnetic Curie 
point (i.e. the sudden disappearance of the signal at a particular low temperature) 
have hitherto been considered possible only in the case of crystalline structures containing 
metals with unpaired d-electrons. In view of the unexpectedness of these effects the 
first question that arises is whether they were due to the presence of paramagnetic 
or ferromagnetic impurities. The object of the present article is to analyse to available 
experimental material in order to shaw the signficance of the observed effects. Besides 
this, it is necessary to make some, albeit preliminary, attempt to interpret theoretically 
the experimental results. 

Below we list the facts which indicate that the observed effects cannot be attributed 
to paramagnetic or ferromagnetic contaminants. 

(1) In the case of the RNA-protein complexes the original RNA and protein 
preparations did not give e.p.r. signals. Nor did ten times as much RNA and protein, 
left in the supernatant liquid after drying, show e.p.r. absorption. Complexes obtained 
from the same original preparations, but under slightly different pH conditions and 
with a different ratio of concentrations of the components in solution, had a different 
composition (50 per cent RNA instead of 16 per cent) and did not give resonance 
absorption either. 

(2) The attribution of the effect to paramagnetic contaminants is excluded by 
its very magnitude. To obtain lines of the observed integral intensity would require 
the presence in the specimen of at least 10 per cent Cu** ions or 2 per cent Fe‘ * © ions. 
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A simple analysis of the specimens showed an almost total absence of such contami- 
nants. 

(3) Heating of the specimens in the dry state at 200° led to a completely irreversible 
disappearance of the signals. 

(4) In the case of DNA, boiling of the aqueous solution also led to an irreversible 
disappearance of the e.p.r. absorption. The last two points rule out the attribution 
of the effect either to paramagnetic or ferromagnetic impurities. 

(5) The disappearance of the signal when the temperature is lowered to 80° K, 
analogous to the disappearance of e.p.r. absorption in antiferromagnetics at the antifer- 
romagnetic Curie point (Néel’s point) also exclude the attribution of the observed 
effects to ferromagnetic contaminants. 

All the listed facts indicate that the anomalous magnetic properties of nucleic 
acids, discovered by Bliumenfeld ef a/. [1], are intrinsic to the polymeric structures 
under investigation, and are not the results of contamination. 


Before turning to an analysis of the experimental results, we will examine the preli- 
minary results of measuring the static magnetic susceptibility of the above-mentioned 
preparations, and also some newly published results on the magnetic properties of 
nucleic acids and artificial highly polymerized compounds. 

The static magnetic susceptibilities of several preparations of nucleic acids and 
their complexes were measured.* In view of the much poorer sensitivity of the magnetic 
balance method in comparison with the e.p.r. method, it was only possible to measure 
preparations which were available in sufficient quantity. All these results must be 
considered as preliminary. Complexes of RNA with serum albumin, which gave an 
intense e.p.r. line, were found to be paramagnetic with 7 ~ 3x 10~° e.m.a./g at 
H ~ 5000 oersted. If we assume that the magnetism has a purely spin origin, i.e. 
1-73 Bohr magnetons, the specimen contains — 102! unpaired electrons 
per gramme. This value practically coincides with obtained by the e.p.r. method. 
A complex obtained from the same preparations, but in different conditions, and 
which did not give an e.p.r. spectrum, was found to be diamagnetic with y ~ — 0:5 x 

«10 6 The Schwartz RNA preparation, which gave a broad e.p.r. line, very asym- 
metrical but with an intensity only 0-005 of that of the complexes, was found to be 
paramagentic with a susceptibility twice as great as the Merck RNA complex with 
serum albumin. This discrepancy can be explained in the following way. It would 
appear that in the last case the anisotropy of the integral magnetic fields was so great 
that in the e.p.r. experiments the splitting of the Zeeman levels in zero external field, 
for the majority of the unpaired electrons of the specimen, exceeded the energy of the 
high-frequency quantum. Other preparations of the same nucleic acids and proteins, 
and which did not give an e.p.r. spectrum, were also diamagnetic. In the case of all 
the paramagnetic preparations there was found a decrease in susceptibility with increase 
in the magnetic field, i.e. the saturation effect characteristic of all ferromagnetics and 


* The measurements were very kindly made by V. I. Belovaia in the Institute of Organic Chemistry. 
We take this opportunity to express our deep gratitude for this assistance. 
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certain antiferromagnetics. For instance, the susceptibility of the Schwartz RNA 
preparation at 295° K fell from 11-3 x 10~6 to 2:2 10-6 when the field was increased 
from 2000 to 11,000 oersted. In view of the e.p.r. results (great asymmetry and breadth 
of lines, absorption in zero field), indicative of strong anisotropic internal fields, such 
an effect was to be expected. These results in themselves might have led to the belief 
that the effect was due to ferromagnetic impurities. However, the above e.p.r. data 
under different conditions completely rule out this postulate. 

In the recent literature there have appeared results obtained by means of another 
method of investigation and which also indicate the presence of intrinsic magnetic 
fields in molecules of nucleic acids. A group of American authors [2] has studied 
the proton magnetic resonance in concentrated solutions and gels of DNA. They found 
a broadening of the proton resonance lines due to the effective inhomogeneity of the 
magnetic field, and not due to a reduction in the spin-lattice relaxation time 7;. This 
effect was absent in solutions of proteins. The authors came to the conclusion that 
molecules of nucleic acid possess intrinsic internal magnetic fields. 

It was found j3] that similar broad e.p.r. lines with the same properties (asymmetry, 
temperature dependence, etc.) were given by synthetic high-polymers of the polyamino- 
quinone series, containing nitrogen and numerous polar groupings in a conjugated 
chain and not containing metals. The effect appears only when a certain stage of 
polymerization is reached. It should be noted that polyarylvinylenes, which do not 
contain hetero-atoms and polar groups, but are characterized by high conjugation, 
at a sufficient degree of polymerization give only narrow e.p.r. lines (a few oersteds 
broad) with a free-electron g-factor, thus indicating the presence of unpaired electrons 
not localized in the system of single and double bonds of the polymer. In polyamino- 
quinones such narrow lines also appear. When the temperature is lowered below the 
“antiferromagnetic Curie point” the broad line disappears, but the narrow signal 
remains. On the basis of these results, and also the preliminary results of investigating 
the e.p.r. spectra of compounds of the type of merocyanine dyes, indanthrone, etc., 
we may assume that the effect discovered earlier [1] has a much more general character 
than has been hitherto assumed. 

Thus, we can take it as established that there exist molecular structures consisting 
only of light atoms with no unpaired electrons in their atomic shells, and which in the 
ground state contain a large number of strongly interacting unpaired electrons. The 
magnetic properties of these systems recall the properties of antiferromagnetics. It is 
clear from the existing experimental information that the appearance of this cloud 
of unpaired electrons is due to the special features of the macrostructure of the investi- 
gated polymers. On denaturation, which is associated with the disturbance of the order- 
liness of the macrostructure the effect disappears. It is quite clear that these special 
features of the e.p.r. lines, such as asymmetry and absorption in zero field, must be 
due to strong internal electric fields, which through spin-orbit coupling perturb the 
magnetic spin levels. The fundamental question is that of the origin of the unpaired 
electrons. The permanent coupling of single and double bonds in the polymeric chain 
is not obligatory since it is absent in nucleic acids. We cannot postulate that the reason 
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for the unpairing of the electrons is a strong exchange interaction, lowering the excitation 
energy in the triplet state. Such an interaction would lead to a reduction of the energy 
of the excited singlet states and to the appearance of colour. Yet the nucleic acids 
and their complexes with proteins remain colourless. It may be surmised that the effect 
is attributable mainly to the strong internal electric fields due to the large number of 
orderly arranged polar groups. Just which electrons are unpaired — the z-electrons 
of the heterocyclic nucleic bases or the unshared electron pairs of nitrogen atoms — 
is still not clear. 

According to Kramers’ rule, splitting in a zero external magnetic field can be observed 
only in the case of even net spin of the elementary system (atom, molecule, or part 
of a macromolecule interacting weakly with remaining parts). It might be surmised 
that in nucleic acids and their complexes with proteins the unpaired electrons are 
arranged in pairs in the heterocyclic nucleic bases. How the internal electric fields 
and other special features of the macrostructure lead not only to the manifestation 
of the particular properties of these unpaired electrons, but also to their very origin, 
still requires a theoretical explanation. 

The asymmetry of the e.p.r. lines is apparently associated with anisotropy of the 
g-factor. This fact, together with the shift of the g-factor from a purely spin value and 
absorption in zero external field indicate that electrical anisotropy of the molecule 
leads through spin-orbit coupling to magnetic anisotropy. Hence the orbital magnetism 
in the given case is not completely extinguished. We have to postulate that the excited 
orbital states lie fairly close (no more than a few hundred wave numbers, and perhaps 
much less) above the orbitally lower singlet level. This leads, as we know [4], to a shift 
and anisotropy of the g-factor and in the case of even net spin to the removal of spin 
spatial degeneration in zero field. In considering results obtained by the e.p.r. method, 
we must always remember that the determined g-factor is a spectroscopic splitting 
factor and may differ greatly from the gyromagnetic ratio or the Landé factor. 

It would hardly be correct to stick strictly to the existing terminology and to speak 
of the ferromagnetism or antiferromagnetism of nucleic acids and certain artificial 
high-polymers. It must be remembered that in this case we are dealing with an effect 
manifested within a single, though very large, molecule. Moreover, all the results 
indicative of strong magnetic anisotropy were obtained at temperatures above the 
“antiferromagnetic transition” point. It would appear that the magnetic properties 
of these systems do not fit in completely either with the existing classification or con- 
temporary theoretical concepts. An appropriate theory has still to be developed. 

Summing up. we can say that the results obtained by the e.p.r. method, and indirectly 
supported by the results of American investigators who have studied proton resonance 
spectra [2], indicate that in the molecules of native proteins and nucleoproteins there 
is a vast cloud of strongly interacting unpaired electrons. This cloud is characterized 
by a definite spatial structure, in consequence of which the macromolecules are magne- 
tically anisotropic and, in effect, constitute tiny magnets. 

At present it is difficult to say if these anomalous magnetic properties in themselves 
have biological significance. It is necessary to conduct further research on the observed 
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effect and its relation to biological activity. However, we must bear in mind the results 
of recent experiments of American authors on the effect of constant magnetic fields 
on the growth and reproduction of cells and organisms [5, 6]. 

It is possible that the observed anomalous magnetic properties of nucleic acids 
should be considered only as an indication of the co-operative forces of a remote effect, 
associated with the presence of a regular structure. The existence of a cloud of strongly 
interacting unpaired electrons must impart to these structures new chemical and physical 
properties which are difficult to predict. We do not rule out the possibility that further 
work in this direction will lead to a better understanding of the specific properties 
of the macromolecular structures responsible for the most important processes in 
living organisms. 

Translated by F. L. StNCLAIR 
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and Electron Microscope Laboratory, Academy of Sciences of the U.S.S.R., Moscow 


(Received 2 April 1959) 


A stupby of the packing of the molecules of chlorophyll and its analogues in aggregated 
states — crystals and colloidal particles — is of interest in connexion with the problem 
of the state of these pigments in plants. In most cases the aggregation of pigments 
leads to a loss of the red fluorescence, characteristic of the pigments in solution, and 
to a displacement of the absorption maximum towards the long-wave region. 


* Biofizika 4: No. 5, 521-532, 1959. 
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It has been observed that the position of the absorption maximum of chlorophyll 
in solid films and colloidal solutions depends on the nature of the solvent and the method 
by which the preparations are obtained. Thus, when ethereal solutions of chlorophyll 
a-|-b are evaporated on glass, films with a maximum absorption at 672-675 mw. are 
obtained, while from dioxan films and colloidal solutions films with a maximum at 
690 my are obtained [1, 2, 3]. The same packing of chlorophyll was observed when 
the absorption spectrum of the red algae “phyllofora” [4] was measured; crystals of 
the “chlorophyll-protein” compound obtained by Takashima [5] are probably aggre- 
gated forms of chlorophyll with the “dioxan” packing [3]. It has also been established 
that the absorption spectra of bacterial chlorophyll, in living purple bacteria, coincide 
with the spectra of aggregated forms of bacterial chlorophyll in solid films and colloidai 
solutions [6]. 

When non-aqueous solutions of chlorophyll in organic solvents, a wax-like residue 
is obtained, and it was thought for a long time that solid chlorophyll is an amorphous 
compound. However, in recent years evidence has been obtained which shows that, 
under certain conditions, it is possible to obtain chlorophyll in the crystalline state. 
Jacobs, Holt, Vatter, and Rabinowitch [7-10] have shown in a number of papers that 
the presence of water is necessary for the crystallization of chlorophyll. Crystallization 
occurred when an acetone solution of chlorophyll! containing | per cent of water was 
evaporated, when a mixture of ether with light petroleum, pentane or hexane was 
evaporated from a water surface, and also when a colloidal solution from acetone 
was coagulated with calcium salts. Theophytin apparently crystallized in the absence 
of water. 

As was first shown for chlorophyllide a and chlorophyllide 6 [11, 12], and then 
for chlorophyll a and bacterial chlorophyl! [7-10], the formation of crystalline structures 
leads to a shift in the absorption maximum towards the long-wave side. Crystalline 
preparations of the pigments had the following absorption maxima: chlorophyllide 
a— 740 mu; chlorophyllide 6— 725 my; chlorophyll a— 740 my; and bacterial 
chlorophyll — 865 mu. It was found that the position of the absorption maximum 
in chlorophyllide a depends on the particle size; as the size of the particles increases, 
there is a gradual shift of the maximum towards the long-wave spectral region [11]. 

For the study of aggregated forms of pigments, X-ray as well as spectroscopic 
methods have been used. Electron photomicrography has shown a tabular structure 
of chlorophyll a crystals, and a tetrahedral structure for chlorophyllide; the X-ray 
diffraction photographs showed sharp rings, which enabled the interplanar spacings 
[9, 10] to be calculated for some compounds. 

The present paper gives the results of electron diffraction and electron microscope 
studies of the chlorophyll preparations, a, b, and a+ b, obtained from various solvents 
under different conditions. We also studied colloidal particle obtained by diluting 
pigment solutions in organic solvents with aqueous buffer solutions at various pH 
values. The object of the work was to examine the degree of order of the structures 
formed in relation to the conditions of preparation, and also to establish a correlation 
between the type of order and the spectroscopic properties of the structures. 
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METHODS 


Chlorophyll a+ was prepared from nettle leaves under conditions close to those 
described by Zscheile and Comar [13]. With this method, chlorophyll a+6 was separated 
from sucrose at the final stage of the preparation by a small quantity of ether. The 
ether was evaporated in air at 20-25° to give a thick residue, which was mixed with 
light petroleum (boiling range 35-50°). “Solid” chlorophyll a+5* was obtained by 
drying under reduced pressure. 

Chlorophyll a and chlorophyll 6 were obtained by chromatographic separation 
on a column of sucrose from a mixture of three parts ether to seven parts light petroleum 
(boiling range 50-70"). The “solid” chlorophylls a and b* were obtained by the method 
described above for chlorophyll a+4, light petroleum being added to a concentrated 
solution of the pigment in ether. 

Theophytin a+-b was obtained from nettle leaves by Fischer and Stern’s, method [14]. 


Colloidal solutions were prepared from acetone and dioxan by the following method: 
4 mg of chlorophyll a+ was dissolved in 0-5 ml of solvent and 3 ml of water, or of 
a phosphate buffer of definite pH. The solvent was removed by boiling the solution 
in a vacuum tube for 5-10 min under reduced pressure. In some cases the solvent 
was not removed. 

The preparations used in the study of the pigments were obtained by several methods. 

(1) The chlorophyll prepared by the method described above consisted of large 
particles which could not be ground to give preparations transparent to electrons of 
mean energy. For this reason, we triturated the chlorophyll particles with a small 
quantity of light petroleum, in which the pigment is slightly soluble. The suspension 
so obtained was placed on a collodion film. 

(2) A solution of chlorophyll in dioxan was evaporated in air. The residue, con- 
taining a small amount of dioxan and possibly water, was triturated with light petro- 
leum. The resulting mass was transferred to a collodion or formvar film. 

(3) The pigment was transferred to a dry collodion or formvar film by means of 
a solvent; ethanol, ether, light petroleum, and a 1:3 mixture of ether and light petro- 
leum were used as solvents. 

(4) A drop of pigment solution in a 1:3 mixture of ether and light petroleum was 
placed on the surface of distilled water at room temperature, or at 5°. The film that 
formed on the water surface after evaporation of the solvent was transferred to a col- 
lodion support. 

(5) A drop of a solution of chlorophyll in light petroleum was placed on a collodion 
film on the surface of distilled water. The semi-permeability of the collodion film 
ensured contact between the chlorophyll and the water molecules. 

Theophytin a+4 was placed as a solution in a 1:3 mixture of ether and light petro- 
leum on a dry formvar film or on a surface of distilled water with subsequent transfer 
of the pigment film to a support. 


*In the further discussion the chlorophylls a, b and a+b obtained in this way will be termed 
“solid” chlorophyll. 
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Colloidal solutions prepared as described above were placed on collodion-film 
supports and dried under reduced pressure or in air. Salts were removed by washing 
the dried preparations in distilled water. In some cases drop dialysis [15] was used. 
The method of drying and washing out of salts did not affect the results. In isolated 
cases large particles were triturated with light petroleum, as has been described above 
for solid chlorophyll. 

For measurements of absorption spectra, the preparations were placed on collodion 
or formvar films by the methods described. The films were first fixed in a brass frame 
with an aperture of 0-7x2-5 cm. The measurements were made relative to air on 
a Beckman spectrophotometer. 

The specimens were examined in the UEM-100 electron microscope, which enabled 
electron micrographs and diffraction patterns to be obtained. The diffraction patterns 
were obtained with a current density on the specimen of jg = | x 1075 A/cm?2; the 
ternperature of the specimen, heated by the electron beam, did not exceed 30° [16] 
at this current density. The radiation dose rate, which was estimated approximately 
from the current density, jp, was about 6-6 106 rad/sec under the irradiation con- 
ditions described. On the basis of results previously obtained [17], this operating 
arrangement of the apparatus enabled diffraction patterns to be obtained without 
marked changes in the chlorophyll structure. It was shown, in separate experiments, 
that under our conditions chlorophyll was not destroyed by the action of the electron 
beam. The density of the current on the specimen, jp, was measured by a Faraday 
cylinder placed at the level of the final screen. From the density of current on the 
screen, j,, the density on the specimen, j,, was calculated (j, = j,M?, where M is the 
magnification of the object lens). Electron micrography was carried out with a magnifi- 
cation of 12,000. The X-ray diffraction photographs were obtained in a chamber with 
a flat cassette. 

Ethanol, acetone, dioxan and light petroleum were re-distilled through a fractiona- 
ting column. These solvents were not dried. Ether and dioxan were freed from peroxides 
with ferrous sulphate, dried over metallic sodium and re-distilled. 


RESULTS OF STRUCTURAL STUDIES ON AGGREGATED FORMS 


Chlorophyll a. Tabular crystals were visible on the electron micrographs of solid 
chlorophyll a, triturated with light petroleum, and there were no amorphous regions. 
The diffraction patterns of chlorophyll a, prepared in the same way, contained a large 
number of sharp interference maxima and a weak diffuse background (Fig. 1, /). 
The interplanar spacings and the corresponding intensities are shown in Table 1, 
column 1. The solid chlorophyll a which we obtained was in the crystalline state. 
As has already been pointed out earlier, the presence of molecules of water is necessary 
for the crystallization of chlorophyll [7, 10]. In our method of preparing the solid 
chlorophylls, a, b and a+b, water was not specially added, but when the ethereal 
solution was evaporated, traces of water were usually present at the last stage before 
the addition of light petroleum because of the condensation of atmospheric water 
vapour. It is possible that the crystallinity of our preparations is due to this. 
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Fic. |. Micrographs A and diffraction patterns B of solid chlorophyll: / — chloro- 
phyll a, 2—chlorophyll 6, 3— chlorophyll a+6. (Micrograph magnification 
« 12,000). 
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TABLE | 


Mean data from 
X-ray diffraction 
photographs for solid 
chlorophyl a-+-b 


Mean data from Mean data from Mean data from 
diffraction pattern for | diffraction pattern for | diffraction pattern for 
solid chlorophyll a solid chlorophyll 5 solid chlorophyll a+5 


_ Intensity 


dA) Intensityt | dA) | Intensityt | d (A) Intensityt d (A) 


1 2 3 4 


14-0 S. 
7-68 V.s. 7-68 7°68 do. 
7:36 S. 7:36 Ay. 
4:38 do. S. 4:38 do. 4:22 Ay. 
4:15 do. 4:15 4:06 do. 
4-08 V.w. 4-08 V.w. 
3-80 do. 3-80 do. - 
3-71 S. 3-71 Ay. 3-66 Ay. 
2-92 Ay. 2-92 W. 
59 2-83 do. 2-83 do. 
2-76 do. 2.76 do. 2-78 Ay = 
2:46 W. 2°46 do. 2:44 do 
2:20 do. — 2:20 do. 2:17 Ww. 
2-09 do. Ay. 2-09 do. 
2-02 do. 2-02 do. 2-05 
1-95 do. 1-95 V.w. 
1-86 do. 1-86 do. 1-83 Ww 
1:73 do. 1-73 do. . 
1-67 Vw. 1-67 do. 1-62 W 
1-53 do. 1-53 do. 
1-43 do. 1-43 do. 
1-20 do. 1-2* Ss. 1-20 do. 


An electron microscope study showed that acicular crystals are formed when the 
residue of chlorophyll a obtained after evaporation of a dioxan solution is triturated 
with light petroleum (Fig. 2, /). No shapeless amorphous masses were observed in 
the preparations. The diffraction patterns of these preparations of chlorophyll a 
contained sharp rings with one diffuse ring having d = 4-6 A (Table 2, column 1). 
It is known that the diffraction patterns of collodion films used as supports for the 
acicular crystals contain a diffuse ring with about the same value of d [18]. However, 
the intensity distribution of the first interference maximum on the diffraction pattern 
obtained from the collodion film with a low current density on the specimen [19] 
differed from the intensity distribution of the diffuse ring of the diffraction pattern 
of the acicular crystals. Moreover, this latter intensity was significantly greater than 
the intensity of the ring of the pattern of the collodion film under the same photogra- 


* Arbitrary interplanar spacings calculated from diffraction pattern diffuse rings. 

+ The intensity is evaluated qualitatively according to the intensity scale proposed by Pinsker 
[18] for diffraction diagrams. Abbreviations: V.s. — very strong, S — strong, Av. — Average, W — 
weak, V.w. — very weak. 
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Fic. 2. Micrographs A and diffraction patterns B of acicular chlorophyll crystals: 7 — chlorophyll a. 
2 — chlorophyll! 5, 3 — chlorophyll a+, 4 — film of chlorophyll a+-6 from dioxan on bracon support, 
(Micrograph magnification 12,000). 
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TABLE 2 


Mean data from diffraction _ Mean data from diffraction Mean data from diffraction 
patterns for acicular crystals patterns for acicular patterns for chlorophyll 
of chlorophyll a crystals of chlorophyl 6 a+bcrystals 
d (A) Intensity d (A) Intensity d (A) Intensity 


V.w. 
1-70 do. 1:70 do. 


Note. Symbols as in Table 1. 


phing conditions. Consequently, the intense diffuse ring, d = 4-6 A, is due to chloro- 
phyll a and not to the collodion film. 


A comparison of the results of the experiments on chlorophyll from dioxan solution 
and the experiments described above with solid chlorophyll a that had been triturated 
with light petroleum showed differences both in the electron micrographs and in the 
diffraction patterns. In the case of the chlorophyll a triturate obtained after evaporation 
of a mixture of ether and light petroleum, tabular crystals were visible. In the case 
of the triturate of chlorophyll a evaporated from dioxan, acicular crystals were visible. 
The value s for the interplanar spacing and the ring intensities of chlorophyll a prepared 
by these two methods was also different. The intense diffuse ring with d= 4-6 A is 
absent from the diffraction diagram of the tabular crystals of solid chlorophyll a, 
but the number of sharp reffections at an increased reflection angle was much greater 
than on the diffraction pattern of the acicular crystals. Presumably, it can be considered 
that the molecules in tabular crystals of solid chlorophyll are ordered to a greater degree 
than the molecules in acicular crystals. Shapeless formations were visible on the electron 
micrographs of chlorophyll a obtained by evaporating a solution in light petroleum 
on a dry film. The diffraction pattern of chlorophyll a prepared in this way contained 
sharp interference maxima, a diffuse ring with d= 4-5 A and a diffuse background 
(Fig. 3; Table 3, column 1). 

This shows that the preparations contained regions of microcrystalline composition 
in addition to amorphous structures. The number of sharp reflections was less in 
this case than with solid chlorophyll a, but the interplanar spacings coincided with 
the corresponding values for solid chlorophyll a. The absence of any reflections of 
strong intensity, characteristic of solid chlorophyll a, may be noted (Table 1, column 1). 


1s 
=a i K 
. 
10-17 AV. 10-16 Avy. 10°17 Av. 
6°86 6°86 S. 6°88 
6°68 W. 6°68 6°65 V.w. 
5-91 V.w. 5-91 do. 
4-6* Av. 4-6* Avy. 4-6* Ay. 
4-61 do. 4-61 do. 
2:33 Ay. 2:32 Ay. 2:35 WwW. 
2-15 W. 2-16 V.w. - 
= 
ice 
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Fic. 3. Micrographs A and diffraction patterns B: 7, 2— chlorophyll a from light petroleum on dry 

(1) and wet (2) collodion film, 3 — chlorophyll 6 from light petroleum on dry collodion film, ¢— film 

of chlorophyll a from, a 1:3 mixture of ether and light petroleumfformed on surface of water. (Micro- 
graph magnification 12,000). 
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TABLE 3 


Mean data from 
Mean data from diffraction patterns for 
diffraction patterns for theophytin from 
chlorophyll 6 from a 1:3 mixture of ether 
light petroleum and light petroleum 
(without water) 


Mean data from Mean data from 
diffraction patterns for diffraction patterns for | 
chlorophyll a from chlorophyll a from 
light petroleum light petroleum 
(without water) (contact with water) 
d (A) Intensity d (A) Intensity | d (A) Intensity d (A) Intensity 
6°6* AV. 
4:5* 
4-15 
3-71 
3-50 
2-95 
2.42 
2:35 
2:21 
2-03 
1.86 
1-77 


Note: Symbols as in Table 1. 


It is possible that some of the interplanar spacings characteristic of solid chlorophyll a 
in the arrangement relate to the triturated parts of the material. 


When chlorophyll! a from light petroleum was placed on a collodion film floating 
on the surface of water, different electron micrographs and diffraction diagrams were 
observed. Figure 3, 2 shows highly dispersed particles; their structure is particularly 
well seen when shadowed. The chlorophyll a diffraction diagram obtained in this way 
contained sharp rings. Table 3, column 2, and Fig. 2 show that in this case, in addition 
to the picture characteristic of chlorophyll a in dry films, sharp rings are observed; 
these are apparently due to chlorophyll, the molecules of which interacted with water 
molecules during evaporation. With low pigment concentrations, i.e. with the best 
contact with water molecules, the reflections characteristic of chlorophyll a in the dry 
film are absent from the diffraction diagram. 

Tabular particles (Fig. 3, 4) were observed in preparations obtained in the form 
of films on the surface of distilled water by evaporation of a solution of chlorophyli 
a in a mixture of ether and light petroleum. When the preparations were made at room 
temperature very fine particles were formed. Reduction of the temperature to 5° led 
to the formation of larger particles, in some with curling. However, in both cases, 
in addition to plates, reticulate formations were observed, and these predominated 
in many preparations. The diffraction patterns of these preparations contained three 
diffuse rings and, in isolated cases, a sharp with d = 3-50 A, in addition to a large 
diffuse background. Thus, the main bulk of chlorophyll a produced by evaporation 
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of a mixture of ether and light petroleum from the surface of distilled water was 
amorphous; only rarely were isolated tabular formations with some obvious degree 
of order encountered. However, solid chlorophyll a suspended in light petroleum 
formed tabular crystals without amorphous formations, and its diffraction pattern 
contained a large number of rings, although the conditions under which the starting 
material was obtained were about the same in both cases. The differences in the results 
were probably due to some peculiarities which are still obscure in the techniques of 
making the preparations. 

Chlorophyll b differed from chlorophyll a in that we were unable to find crystals 
in preparations of chlorophyll 6 made by triturating the solid pigment with light petro- 
leum (Fig. 1, 2). In this case the diffraction patterns of chlorophyll 5 contained three 
diffuse rings with dj=4-6 A; dy = 2:1 A; d3=1:2A (Fig. 1, 2; Table 1, column 2). 
The chlorophyll 6 which we obtained was therefore amorphous. 

However, we succeeded in preparing chlorophyll 4 in the crystalline state by tritura- 
ting the residue left after evaporation of a dioxan solution of the pigment with light 
petroleum. The crystals were then acicular in form, similar to that of chlorophyll a 
obtained under the same conditions, but they differed in being smaller. The diffraction 
patterns of chlorophyll 6 obtained in this way (Fig. 2, 2) was also similar to the diagram 
of chlorophyll a (Fig. 2, 7: Table 2, columns 1, 2). Evidently, under these conditions 
the molecules of chlorophyll a and chlorophyll 5 have identical packing in the crystal. 

When solutions of chlorophyll 6 in light petroleum were evaporated on dry and 
on wet films, we were unable to find any differences in structure. In both cases no 
crystals were observed in the electron micrographs (Fig. 3, 3). The diffraction patterns 
for chlorophyll 6 showed a large diffuse background and some sharp rings (Table 3, 
column 3). Consequently, the main bulk of the chlorophyll 6 was amorphous, but 
some regions with a microcrystalline structure were present. 

Chlorophyll a+-b. When solid chlorophyll a+6 was triturated in light petroleum, 
a suspension of fine particles was formed. The electron micrographs of the preparations 
made from this suspension showed tabular crystals disposed in groups (Fig. 1, 3). 
When the preparations were shadowed with metal, curling of some of the platelets 
was noted. In addition to crystalline formations, the photographs contained some 
shapeless particles. The diffraction diagram of chlorophyll a+5 made in this way 
contained sharp rings and a large diffuse background. It will be noted that the results 
obtained from the diffraction diagram agree with those obtained by X-ray diffraction 
(Fig. 1, 3; Table 1, columns 3, 4). It is possible that the development of amorphous 
regions was due to the presence of chlorophyll 6 which had not crystallized under 
the given conditions, or to dissolution of part of the pigment in light petroleum. The 
results of the investigation indicate that the solid chlorophyll a+ which we obtained 
was in the crystalline state. 

The electron micrographs of preparations made by triturating with light petroleum 
the residue obtained by evaporation of a dioxan solution of chlorophyll a+5 showed 
acicular crystals (Fig. 2, 3). The crystals were often aggregated. No shapeless amorphous 
masses were observed in these preparations. The diffraction diagram of chlorophyll 
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a+-b prepared in this way contained some sharp rings and one diffuse ring with an 
interplanar spacing of d= 4-6 A. Table 2, column 3, gives the interplanar spacings 
and the corresponding intensities ‘calculated from the diffraction diagram. However, 
when chlorophyll a+ was placed on a carbon film support directly from a solution 
of the pigment in dioxan, tabular, but not acicular, formations were observed. Evidently, 
the formation of acicular crystals when the residue was triturated with light petroleum 
depended on the presence of traces of dioxan in the residue. The possibility that water 


Fic. 4. Micrographs A and diffraction patterns B: / — chlorophyll a+ 6 from ethanol, 
2 —theophytin a+b from a mixture of ether and light petroleum. (Micrograph 
magnification x 12,000). 


was present is not excluded, since we did not dry the dioxan. It is likely that the presence 
of dioxan is of quantitative significance, because the number of acicular crystals in 
the preparations decreased according to the degree of evaporation of the dioxan and 
shapeless formations appeared. 

An X-ray diffraction study has shown that the evaporation of solutions of chloro- 
phyll in organic solvents — ether or a mixture of ether and light petroleum — gives 
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amorphous films of material [20] An electron microscope study which we carried out 
did not show the presence of crystals in preparations obtained in this way from ether, 
light petroleum, a mixture of ether and light petroleum, or from ethanol (Fig. 4, /). 
The diffraction patterns of chlorophyll obtained in this way, with the exception of 
that from light petroleum, contained only three diffuse rings with interplanar spacings 
d, = 46 A; d, = 2:1 A; d; = 1-2 A. This indicates that the chlorophyll molecules 
in these films were arranged in a completely disordered manner. 


Fic. 5. Micrographs of aqueous colloidal solutions of chlorophyll a+: J — from 
acetone in phosphate buffer at pH 4:7; 2 — from acetone, pH 8-6; 3 — from dioxan, 
pH 4-7 (magnification —12,000). 


Diffraction diagrams of chlorophyll a and chlorophyll a+, obtained by evapora- 
tion of light petroleum solutions, were similar, but those of chlorophyll a+5 had 
a larger diffuse background. Dispersed particles, similar to those of chlorophyll a 
prepared under the same conditions, were observed on the electron micrographs of 
chlorophyll a+b obtained by evaporation of a solution of the pigment in light petroleum 
on a collodion film placed on the surface of water. The diffraction patterns of chloro- 
phyll a and chlorophyll a+6 from light petroleum, obtained under these conditions, 
were also similar, but in the case of chlorophyll a the ring d = 3-50 A was more intense; 
some further rings of low intensity were also observed in the diagram of chlorophyll a. 
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These were probably not discernible on the chlorophyll a+ diagram because of their 
still lower intensity. 

In the preparations of chlorophyll a-+-b obtained by evaporation of a mixture of 
ether and light petroleum from a water surface, tabular particles were observed, as 
in the case of chlorophyll a. However, the number of plates was not large, the greater 
part of the field being occupied by amorphous formations. The diffraction pattern 
of chlorophyll a+-6 was also similar to that of chlorophyll a in this case. Evaporation 
of a solution of chlorophyll a+ from a mixture of ether and light petroleum on 
a film floating on the surface of water yielded similar electron micrographs and dif- 
fraction patterns. 

Theophytin a+-b. The electron micrographs and diffraction patterns of theophytin 
obtained in the presence and absence of water showed that contact with water molecules 
is not essential for crystallization. Crystals of theophytin on a background of filament- 
like structures were seen on the micrographs. The diffraction patterns of theophytin 
a+-b differed from those of chlorophyll a and chlorophyll 5 (Table 3, column 4; 
Fig. 4, 2). 

Colloidal solutions of chlorophyll a+-b. These were prepared from acetone solutions 
by the addition of buffers at pH 4-7 and 8-6, or distilled water. Particles of colloidal 
chlorophyll in an alkaline buffer (pH 8-6) were spherical in shape and had a mean 
diameter of 0-05-0-3 uw (Fig. 5, 2). The dimensions of colloidal particles in distilled 
water were about the same. At pH 4-7 strong aggregation of chlorophyll molecules 
was observed; the electron micrographs exhibited large round particles with a diameter 
of 1-3 u (Fig. 5, /). Standing of colloidal chlorophyll solutions in an acid medium 
for a long time led to very strong aggregation of the particles, which hindered investi- 
gation of the pigment. This effect was not observed in neutral and alkaline media. 
Diffraction patterns of colloidal chlorophyll from acetone in a buffer at pH 8-6, and 
in distilled water, contained threg, diffuse rings with interplanar spacings d; = 4-6 A; 
dy = 2:1 A; d; = 1:2 A. In the buffer at pH 8-6 and in distilled water, the specimen 
thickness did not exceed 1000 A, and so did not interfere with the diffraction measure- 
ments. The results of our experiments show that particles of chlorophyll precipitated 
from colloidal solutions at pH 8-6, or from distilled water, are amorphous. 

Colloidal particles in a buffer at pH 4-7 also gave electron diffraction patterns 
with diffuse rings. However, X-ray diffraction photographs of particles in these solu- 
tions showed sharp rings, which is evidence of an ordered arrangement of the molecules. 
It will be noted that the interplanar spacings calculated from the X-ray diffraction 
photographs of colloidal particles agree with those of solid chlorophyll a+b (Table 1, 
column 4; Table 4, column 2). The disparity between the electron diffraction and 
X-ray diffraction results for colloidal chlorophyll solutions at pH 4-7 is due to the 
large size of the particles, as a result of which they are opaque to electrons of mean 
energy. This is also confirmed by the fact that colloidal particles from an acid medium, 
ground in light petroleum, have a diffraction pattern similar to that of solid chlorophyl 
a+b that have been triturated in light petroleum. Thus an acid medium promotes 
the crystallization of chlorophyll. 


= 
i @ 
: 
3 
= 
Ae 
4 
‘ 
: 


E. M. BELAVTSEVA ef al. 


Colloidal solutions of chlorophyll prepared by adding distilled water or a buffer 
at pH 4-7 to dioxan solutions were also examined. The electron micrographs exhibited 
no acicular crystals in this case, only tabular formations being visible (Fig. 4, 3). The 
diffraction diagram of colloidal chlorophyll from dioxan in a buffer at pH 4-7 is similar 
to the diagram obtained from acicular crystals (Table 4, column 3). Therefore, at 


TABLE 4 


Mean data from X-ray 
diffraction photographs for 
colloidal chlorophyll 
a+b from acetone, 

pH 4-7 


Mean data from diffraction 
patterns for colloidal 
chlorophyll a+-6 from dioxan, 
pH 4-7 


Mean data from diffraction 
patterns for colloidal 
chlorophyll a+6 from acetone 
pH 4:7 


d (A) Intensity d (A) Intensity d (A) Intensity 


2 


7-68 
7:36 


4°38 do 4:20 Av. 6°65 V.w. 
4-15 do 4-06 do. 4-6* Av. 
4-08 Viw. 


3-80 


3-92 

2-83 do 2:70 W. 
2-46 do 2:35 
2-20 Ww 

2-09 do 

2-02 do 

1-95 do 
1:86 do. 

1-73 do 

1-67 A.s 

1-53 do 

1-43 do. 


1-20 do. 


Note: Symbols as in Table 1. 


pH 4-7 chlorophyll molecules are also arranged in an ordered manner. The diffraction 
diagram of colloidal chlorophyll in distilled water contained only one ring with d = 
3-50 A. 


ABSORPTION SPECTRA OF AGGREGATED FORMS 

Our preparations of solid chlorophyll a, triturated in light petroleum, had an 
absorption maximum at 740 mu (Fig. 6, A, /). Under similar conditions solid chloro- 
phyll 6 showed no long-wave shift. Figure 6, A, 2 shows that in this case the absorption 
maximum of chlorophyll was situated at 660 mu. When solid chlorophyll a+4 was 
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triturated with light petroleum (Fig. 6, A, 3) two maxima were obtained, one in the 
region of 740 my and the second at about 670 mu. Measurements of the absorption 
spectra by Shibata Benson and Calvin’s method [21], eliminating scattering, gave 


2-2 


800 780 760 720 620 Amps 


Fic. 6. Absorption spectra of chlorophyll films. A — solid chlorophyll: 7 — chlorophyll a, 2 — chloro- 
phyll 6, 3 — chlorophyll a+. B — acicular crystals: / — chlorophyll a, 2 — chlorophyll 6, 3 — chloro- 
phyll a+, 4 — film of chlorophyll a+4 from dioxan. C — films of chlorophyll a+6: ] — from ethanol, 
2 — from light petroleum. 


the same positions for the maxima. In our experiments, the preparations of solid chloro- 
phyll, a and a+5 were crystalline; the solid chlorophyll 6 was amorphous. These 
results agree with those obtained by Jacobs, Holt, Vatter and Rabinowitch [7-10] 
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from X-ray diffraction and absorption measurements of chlorophylls a and a+h 
prepared under similar conditions. 

From a comparison of the electron micrographs and diffraction patterns it follows 
that chlorophyll @ is more crystalline than chlorophyll a+6. We observed no amor- 
phous formations on the electron micrographs of solid chlorophyll a, but these were 
always present in those of chlorophyll a+. The diffraction pattern of chlorophyll 
ab was similar to that of chlorophyll a, but it contained a lesser number of inter- 
ference maxima on the periphery and had a larger diffuse background. The existence 
of large amorphous regions in preparations of chlorophyll a+ is probably explained 
by the presence of chlorophyll 5, which does not crystallize under these conditions 
but interferes with the crystallization of chlorophyll a. It may be supposed that on 
the micrographs, the tabular crystals correspond to chlorophyll a and the amorphous 
masses to chlorophyll 4, and partly to chlorophyll a which had remained in the amor- 
phous state. The short-wave maximum at 670 my in the spectrum of chlorophyll 
a+b (Fig. 6, A, 3) is probably due to the same causes — the presence of chlorophyll > 
and chlorophyll a in the amorphous state. When the dioxan solutions of the pigments 
were evaporated and the precipitates were triturated in light petroleum, films were 
obtained having the following absorption maxima: chlorophyll a — 692 my, chloro- 
phyll b — 675 my, chlorophyll a+b — 692 mu (Fig. 6, B). Thus, in these preparations 
the absorption maxima of chlorophylls a and 6 underwent a displacement towards the 
long-wave region of the spectrum. Under these conditions, the crystallization of chloro- 
phylls a, 6, and ah gives acicular crystals, which give similar diffraction patterns. 

The absorption spectrum of films of chlorophyll a--6 from light petroleum, obtained 
in the absence of water, showed the presence of a small maximum at about 740 mu 
(Fig. 6, C), in addition to the main maximum at about 670 mu. As has already been 
pointed out above, the pigment in such structures possessed some degree of order. 
Films of chlorophylls a and a+b from ether and ethanol (Fig. 6, C, /) had a maximum 
at 670 to 675 mu and were amorphous. 

Investigation of colloidal solution of chlorophyll a+b from acetone also showed 
a correlation between the spectroscopic properties and the degree of order of the mole- 
cules in the films. It was found that a decrease in the pH of the medium promoted 
crystallization of the pigment. Thus, in the case of the film prepared from a colloidal 
solution with a pH of 8-6, the absorption maximum of the chlorophyll was situated 
at 670 mu but a diffraction pattern of this chlorophyll indicated that the compound 
was in the amorphous state. In the case of the colloidal solution at pH 4-7 a sharp 
aggregation of chlorophyll was observed. The absorption maximum was then displaced 
towards the long-wave side and became flatter this made a precise determination 
of its position difficult. As described above, X-ray and electron diffraction studies 
of films of “acid” colloids showed that the chlorophyll in these was in the crystalline 
state, like solid chlorophyll a-+b. 

Colloidal solutions of chlorophyll from dioxan had an absorption maximum near 
690 mu, like the acicular crystals. As described above, the pH value here also affected 
the degree of order of the chlorophyll molecules. 


+ 
A 


Aggregated forms of chlorophyll 


SUMMARY 


A systematic investigation was made of aggregated forms of chlorophyll by means 
of electron diffraction and electron microscope methods and by measurement of absor- 
ption spectra in the visible region. According to the conditions of preparation of the 
specimens, the following types of packing of chlorophyll molecules were found in 
the aggregated forms with different sets of interplanar spacings and the corresponding 
types of absorption spectrum: 

(1) “Solid” chlorophylls a and a+-b had the longest wave length absorption maximum 
at 740 mu. No crystalization of “solid” chlorophyll or shift in its absorption maximum 
was observed. 

(2) Acicular chlorophyll crystals were formed by evaporating a dioxan solution 
and triturating the residue with light petroleum. For chlorophyll a, the formation 
of such structures was characterized by a long-wave shift in the absorption maximum 
to 692 mu. Chlorophyll 4 also crystallized under these conditions, the absorption 
maximum shifting to 675 mu. 

(3) Partial crystallization occurred in preparations of chlorophyll a and chlorophyl! 
a+h obtained by evaporating the pigments from light petroleum in the absence of 
water. This was reflected spectroscopically in the formation of a small supplementary 
absorption maximum at 740 mu, the principal maximum being at 670 mu. 

(4) When solutions of chlorophyll in ether or ethanol were evaporated, amorphous 
films with an absorption maximum at 670-675 my were formed in all cases. 


(5) For aqueous colloidal solutions of chlorophyll. an acid medium promoted 


the formation of crystalline structures. 
Translated by E. Hayes 
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POSSIBLE MECHANISMS OF ENERGY MIGRATION 
IN THE PROTEIN MOLECULE * 


Iu. A. VLADIMIROV and S. V. KONEV 


Faculty of Soil Biology, Lomonosov State University, Moscow 
(Received 3 March 1959) 


IN the study of the energetics of processes occurring in the living cell, the attention 
of investigators has always been drawn to the question of the pathways and modes 
of energy transfer between spatially separate molecules or different groups in the same 
molecule. For a long time it seemed that such a transfer could only take place with 
the diffusion of high-energy compounds. However, a study of the transfer of the 
energy of an absorbed light quantum between pigments during photosynthesis has 
shown how important in the biological process is energy transfer not connected directly 
with diffusion [1, 2]. In order to assess the importance of diffusionless transfer (migra- 
tion) of energy in other photochemical and non-photochemical processes a number 
of investigators have undertaken studies of the means of transfer of electron excitation 
energy in proteins [3-6]. By using methods normally employed in the study of energy 
migration in physical systems some of them have tried to show that the polymeric 
protein structure is capable of conducting energy, while others have striven first to 
detect the phenomenon of energy migration between various groups in the protein 
molecule, so that they would later be able to study its mechanism. This second approach 
is represented, in particular, by the investigations we have conducted recently [7-14]. 
Here we concentrate on an examination of the principal results of these works, since 
the studies of other investigators have already been reviewed [6]. 

The basic idea of the experiments in which the possibility of energy migration 
within the protein molecule was demonstrated is as follows: the donor receives a quan- 
tum of energy, namely a quantum of light, and the transfer of energy to the acceptor 
is determined from the photochemical reaction or the fluorescence of this acceptor, 
i.e. at one site in the macromolecule the light quantum is absorbed, and in another 
it is expended on a chemical reaction or is emitted in the form of fluorescence. It was 
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revealed by this method that light energy absorbed by the aromatic amino acids of 
the protein could be expended on splitting off carbon monoxide from haem in myoglobin 
[15], on the excitation of the chromophore in phycocyanin [16] and on the excitation 
of fluorescence in a dye artificially attached to the protein [17]. In these works, as 
reviews [3-6] have indicated, there are many points of controversy, but the main one, 
which constantly crops up, centres on one case — the transfer of energy from the aro- 
matic groups of protein to the chromophore, a feature which makes it very difficult. 
to explain the mechanism of the process, as well as to assess the degree of its universalityl 
Hence we undertook a fuller study of the possible means of migration of a light quantum 
in protein systems between two groups of the protein molecule. We investigated the 
following main possible pathways of energy migration within the protein macromolecule: 
from aromatic amino acids to chromophores, between chromophores, between aromatic 
amino acids, from nucleic acids to aromatic groups and from peptide bonds to aromatic 
rings (Fig. 1). 


Nucleic acid Peptide bond 
[9-12] | 
(10, 12] 
No migration | 
a | Phenylalanine Phenylalanine | 
Protein | (9, 11] [17| Fluorescing dye chemically 
aromatic | (9, 11] | 
ryptophan <—-——> Tryptophan | [15] 
(8, 16, 10) Carboxy-haem 


[8, 10] 


> C hromophore 


Fic. 1. Possible paths of migration of energy of a light quantum in the protein molecule. Brackets 
give references to authors who have studied the effect. 


ENERGY TRANSFER FROM "AROMATIC AMINO ACIDS TO THE CHROMOPHORE 
IN PHYCOERYTHRIN 

Konev [8, 10] showed the constancy of the quantum yield of fluorescence of the 
red algal pigment phycoerythrin in the range of wave lengths 500-245 my. This 
means that light absorbed by aromatic amino acids at wave length 280 muy is just as 
effective for exciting fluorescence of the phycoe- 
rythrin chromophore as light of the visible 
spectrum, which is entirely absorbed by the 
chromophore itself, and this can be explained by 
the migration of energy from the aromatic 
groups of the protein moiety of the pigment to 
the chromophore (Fig. 2). 


Fic. 2. (a) Solid line — absorption spectrum of aqueous 
solution of phycoerythrin; points — fluorescence ex- 
citation spectrum of same solution. (b) Absorption — 
spectrum of equivalent mixture of aromatic amino W500 460 420 360 30 300 20 Lom 
acids of phycoerythrin [8, 10]. Xr 
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INTER-CHROMOPHORE ENERGY MIGRATION IN PHYCOERYTHRIN [8, 10] 

When the fluorescence of phycoerythrin is excited by polarized light we find a 
strong depolarization of its fluorescence if it is contained in viscous media (P < 4 per 
cent) (Table 1). 


TABLE |. DEGREE OF POLARIZATION OF FLUORESCENCE OF PHYCOERYTHRIN SOLUTIONS IN DIFFERENT 
CONDITIONS [8, 10] 


pH 0-1 


Solvent 


Buffer 


70°, glycerine 0-04 0-04 0-04 = 0-19 
0°, gycerine at 
temp. 1100°C 0-04 0-04 0-18 


This is indicative of energy migration between chromophores in the pigment 
molecule. In fact, at pH 12, when the phycoerythrin molecule breaks down into 
fragments, energy migration becomes impossible, and the degree of polarization cor- 
respondingly increases markedly (to 15-20 per cent) [8, 10]. 


ENERGY MIGRATION FROM DYE TO HAEM IN A MODEL SYSTEM 
DYE-CARBOXY-HAEMOGLOBIN [7, 9] 

If fluorescein is attached to the protein part of the carboxy-haemoglobin molecule 
by an ionic bond (in films) or a covalent bond (conjugate with fluorescein isocyanate) 
the light absorbed by the dye causes the discociation of the carbon monoxide from 
the prosthetic group of haemoglobin — from the haem. The effect is equally distincts, 
in water and in 96% glycerine and, hence, is of a physical, migrational nature (Table 2)t 


2. SENSITIZATION OF CO DISSOCIATION FROM CARBOXY-HAEMOGLOBIN BY A DYE ATTACHED 
TO GLOBIN [7, 9] 


TABLE 


Sensitization of photochemical 
reaction by attached dye (%) 


Object 


Moist film of carboxy-haemoglobin 


with fluorescein 103 
with methyl orange —9 (shielding action) 


with eosin +14 


Conjugate of carboxy-haemoglobin 
with fluorescein isocyanate 


in aqueous buffer +35 
in 96% glycerine 34 
in 10% KI solution +23 


Denatured conjugate 
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ENERGY MIGRATION BETWEEN AROMATIC AMINO ACIDS IN PROTEINS 


The possibility of energy migration between aromatic amino acids when the mole- 
cules are sufficiently close was studied by Vladimirov [9, 11]. In solutions of tyrosine 
and tryptophan at concentrations 10~2—10~3 M he found concentration quenching 
of the fluorescence, which could be explained by the migration of energy between the 
amino acid molecules. The existence of energy migration between various aromatic 
amino acids was shown in mixed solutions and crystals [9, 11]. When crystals of 
phenylalanine containing a small admixture of tryptophan (less than 1 per cent) are 
excited by light, practically all of which is absorbed by the phenylalanine alone, almost 
all the absorbed light is emitted by the tryptophan, thus indicating the migration of 
energy from phenylalanine to tryptophan (Fig. 3). 


400 Amp 


FiG. 3. Fluorescence spectra. / — crystalline phenylalanine, 2 — crystalline tryptophan, 3 — crystalline 
phenylalanine with a small (0-01) admixture of tryptophan, 4 — aqueous solution of serum albumin, 
5 — aggregate fluorescence spectrum of aromatic amino acids of serum albumin, calculated on the 
assumption of no energy migration between the amino acids of the protein [13]. 


A similar situation was found in proteins. Although concentration quenching 
of the fluorescence of amino acids in protein was not specially investigated, certain 
facts point to its existence. For instance, Konev showed that the quantum yield of 
fluorescence of protein increased after its hydrolysis, and in a number of proteins also 
even after denaturation [10, 12, 14], i.e. after the spatial separation of the amino acid 
molecules or simply after increasing the distance between them. 

In a study of the fluorescence spectra of the proteins arachin, serum and egg albumin 
[13] it was found that the actual participation of phenylalanine in the total fluorescence 
of protein was much smaller, while that of tryptophan was greater, than in the cal- 
culated aggregate fluorescence spectrum of the amino acids incorporated in these 
proteins (Table 3). Moreover, in the fluorescence spectra of these proteins there was 
observed only one distinct maximum in the region 320-335 my, which apparently 
belonged to tryptophan. The maxima for tyrosine and phenylalanine were not found, 
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TABLE 3. RELATIVE INTENSITIES OF FLUORESCENCE OF AROMATIC AMINO-ACIDS IN PROTEINS [13]* 


Number of aromatic residues | Relative intensities of fluorescence of 
in protein molecule [27] aromatic amino acids in protein (%) 
Protein Ph | T | Phenylalanine| Tyrosine | Tryptophan 
tyrosine | (282 my) | (303 mu) | (348 my) 
lalanine | phan —'- 
| 


A B 


Zein 44 29 0 30 «13 | 100 | 100 | 21 

Arachin 42 31 } «100 | «100 | 509 

Egg albumin 21 9 3 34 10 | 100 100°) 111 220 
l 


33 18 32 


Serum albumin 


Note. A was calculated on the assumption that there was no energy migration between aromatic 
amino-acids in the protein: B was found by experiment. 


although, according to the amino acid composition of the proteins, the fluorescence 
of these amino acids ought to have been distinctly expressed [13]. In Konev’s experiments 
[14] the spectral composition of casein fluorescence was constant on excitation by 
light of different wave lengths from 240 to 290 mu (Table 4). 


TABLE 4. SPECTRAL COMPOSITION OF CASEIN FLUORESCENCE FOR DIFFERENT WAVE-LENGTHS OF EXCITING 
LIGHT 


Relative intensity of protein fluorescence with different light filters 
in front of measuring instrument [10] (°%) 


Wave-length of exciting light 


(my) UFS-3 UFS-4 UFS-2 + FS-6 UFS-2+ZhS-3 
320-380 mu 340-380 mu 290-360 mu 305-315 mu. 

280-5 100 41-0 83-0 

275-3 100 40-6 85-5 8-6 
270-0 100 41-5 86-0 9-0 
265-6 100 40-5 82-0 88 
260-0 100 42:5 84-0 9-2 
253-8 100 45-0 85-0 10-0 
248-4 100 44-0 83-5 10-0 
245-0 100 45-5 83-0 9-2 


45-0 


Thus, it would appear that no matter what aromatic amino acids of the protein 
absorb the light quanta, all the absorbed energy manages to be redistributed by the 
time of emission, and only the tryptophan fluoresces. 


* In the original paper [13] an unfortunate error slipped into the note to Table 3. This has been 
corrected in the present text. 
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THE POSSIBILITY OF ENERGY MIGRATION FROM THE PEPTIDE BOND TO 
AROMATIC GROUPS 

In a study of the excitation spectra of the aromatic fluorescence of a number of 
native proteins Konev [10, 12] found (besides the maximum at 280 my due to the 
characteristic absorption of aromatic amino acids) a maximum at 243 my which, 
judging by the information in the literature, can be attributed to the absorption of 
light by peptide bonds in the proteins [18, 19]. In fact, this maximum was absent 
in the fluorescence excitation spectra of the hydrolysates of the same proteins and 
in equivalent mixtures of their aromatic amino acids [12] (Fig. 4). 

These facts testify to the possibility of energy transfer from the peptide bond to 
the aromatic groups within the protein. 


THE POSSIBILITY OF ENERGY MIGRATION FROM NUCLEIC ACID TO PROTEINS 
IN NUCLEOPROTEINS 

The excitation spectra of the protein fluorescence of nucleoproteins revealed a deep 
trough in the region of absorption of nucleic acids (250-265 my) [10]. A similar picture 
was observed also in the excitation spectra of the protein fluorescence of live yeasts [11]. 
These facts contradict the concept of migration of electron excitation energy from 
nucleic acids to protein [20]. Such experiments also revealed the absence of energy 
transfer from sulphur-containing amino acids to aromatic groups [10]. 


MECHANISM OF MIGRATION IN PROTEIN SYSTEMS 


In the majority of reported cases of energy transfer within the protein molecule 
the migration appeared to be effected by an inductive resonance mechanism. 


For resonance migration of energy, as we know, the necessary conditions are the 
appropriate spatial proximity of the donor and acceptor, the ability of the donor 
to fluoresce, and the overlapping of the fluorescence spectrum of donor and the 
absorption spectrum of the acceptor. These conditions were met in energy transfer 
between chromophores, between aromatic amino acids, and from aromatic amino 
acids to the chromophore. For, firstly, the sizes of the majority of protein molecules 
are small enough for free migrational interaction between their constituent parts 
(< 100 A). Secondly, both the aromatic amino acids and the pigments — the energy 
donors — possess fluorescence [7-14, 17, 20-22]. The quenching of the fluorescence 
of aromatic amino acids in the experiments of Shore and Pardee [20] led to the cessation 
of energy migration to the dye in synthetic dye — protein conjugates [17]. In Vladi- 
mirov’s experiments [7, 9] sensitization of the photodissociation of carboxy-haemoglobin 
was clearly observed in films with fluorescein and was completely absent in films with 
non-fluorescing methyl orange (Table 2). In conjugates of fluorescein with carboxy- 
haemoglobin the sensitization effect was reduced in proportion to the quenching of 
the fluorescence by potassium iodide [9]. Thirdly and lastly, in all the cases listed 
above there was an overlapping of the fluorescence spectra of the acceptor and the 
absorption spectra of the energy donor. For instance, the fluorescence band of phenyla- 
lanine (maximum 282 my) overlaps the absorption band of tyrosine (maximum 275 my) 
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and tryptophan (maximum 280 my), while the fluorescence of tyrosine and tryptophan 
(302 and 345 my) lies in the region of absorption of the chromophore groupings of 
erythrobilin (maximum 305 my) and haem (maximum 340 my). 

Thus, in the majority of listed cases of energy migration in proteins the conditions 
for transfer by an inductive resonance mechanism were fulfilled. On the other hand, 
only in the case of resonance migration of energy is there no need for the preservation 
of a particular structural organization of the energy conducting system. In fact, in 
experiments on the study of the fluorescence excitation spectra of phycoerythrin [10], 
on inter-chromophore energy migration in phycoerythrin [10], and on the dye-sen- 
sitized photochemical dissociation of carbon monoxide from the haem of carboxy- 
haemoglobin [7, 9] it was shown that denaturation did not reduce the efficiency of 
energy transfer. All this confirms the resonance mechanism of energy migration in 


these cases. 


290 260 6270 240 mp 


Fic. 4. Fluorescence excitation spectra of gliadin (solution in 80°, alcohol). / — native protein, 2 
protein heated to 50°C for 3 min, 3 — protein denatured by heating to 60°C for 3 min [10]. 


It is obvious that the ability of different parts of simple and complex proteins to 
interact energetically by inductive resonance does not in any way exclude the possibility 
of energy migration through the periodic structure of the protein polymer. 

The results of Konev’s experiments on energy transfer from the peptide bond 
to aromatic groups do fit in with the idea of the resonance migration of energy. On 
one hand, these experiments lacked a basic condition for resonance migration of energy— 
the peptide bond apparently does not possess intrinsic fluorescence. On the other hand 
it was found that the process depends on the retention of the native structure of the 
protein macromolecule: even mild denaturation of the protein by heat, by alkalization 
or by urea was sufficient to remove completely the peptide maximum (243 my) in 
the excitation spectra of protein fluorescence [12] (Fig. 4). 


A 
70 1959 
60 {77 3 
0 \ ? 
20 
ch 


Energy migration in the protein molecule 33 


It is of interest to compare these results with the results recently obtained by 
Bliumenfel’d by a_ basically different method — paramagnetic resonance [23-26]. 
The paramagnetic resonance absorption band of lyophilized tissues and irradiated 
proteins was extremely narrow (1-5-2 G) and lacked superfine structure, thus pointing 
to the presence in the protein of a free electron with a non-compensated magnetic 
moment. The denaturation of protein by heating or irradiation with cobalt y-rays 
led to a broadening of the absorption band and the appearance of superfine structure, 
which indicates the localization of unpaired electrons in the denatured proteins. 
Hence in this case, as also in Konev’s experiment, we are dealing possibly with 
movement of the excitation energy or the unpaired electron through the native protein 
structure itself. Although we still do not know how far such movement extends, there 
is no doubt of the importance of these results for the problem of energy migration in 
proteins. 


CONCLUSIONS 


Despite the increasing interest of investigators in the problem of energy migration 
within the protein molecule, the amount of experimental data collected on this subject 
is still very limited. Nevertheless, in the cases studied so far, the general rule seems 
to be that energy migration takes place between two groups of any protein molecule 
by an inductive resonance mechanism, if the energy donor is fluorescent in the absorp- 
tion region of the acceptor. In the majority, if not in all of the experiments in which 
optical methods were used to study energy migration in proteins, investigators have 
obviously encountered this resonance migration between different groups of the protein 
molecule. The fuller study of what groups can take part in this process of intra-molecular 
energy transfer is probably just in its infancy and will contribute to the understanding 
of the energetics of the protein macromolecules. We might also surmise that a defini- 
tive answer to the question of the transfer of excitation energy through the polypeptide 
protein structure itself will be of equal importance in the study of this problem. 


Translated by F.L. Sinciatr 


REFERENCES 


|. RABINOWITCH, E., Photosynthesis and Related Processes. vol. 2, pt. 2. New York, 1956 
2. DUYSENS, L.N. M., Transfer of Excitation Energy in Photosynthesis. Utrecht, 1952 

3. TERENIN, A.N., Usp. fiz. nauk 43: 347, 1951 

4. TERENIN, A. N., and KRASNOVSKII, A. A., Usp. fiz. nauk 37: 64, 1949 

5. TERENIN, A. N., and YERMOLAYEYV, V.L., Usp. fiz nauk 58: 37, 1956 

6 VLADIMIROV, Iu. A., and KONEV, S.V., Biofizika 2: 3, 1957* 

7. VLADIMIROYV, Iu. A., Tez. dokl. na 2 Vsesoiuzn. konfer. po fotosintezu. (Summaries of Reports 

of 2nd All-Union Conference on Photosynthesis.) Moscow, 1957 

8. KONEV, S. V., /bid., Moscow, 1957 

9. VLADIMIROYV, Iu. A., Dissertation, Moscow State University, 1958 
10. KONEV, S. V., Dissertation, Moscow State University, 1957 

it. VLADIMIROV, Iu. A., Dokl. Akad. Nauk SSSR 116: 780, 1957* 
12. KONEV, S. V., Dokl. Akad. Nauk SSSR 116: 594, 1957* 
. VLADIMIROYV, Iu. A., Izv. Akad. Nauk SSSR, ser. fiz. 23: 86, 1959* 


i 
ir 
> 
4 
i 
~~ 
= 
phe 


V. N. VEPRINTSEV AND V. F. ANTONOV 


. KONEV, S. V., Izv. Akad. Nauk SSSR, ser. fiz. 23: 89, 1959* 

15. BUCHER, T., and KASPERS, J., Biochim. Biophys. Acta 1: 21, 1947; Naturwissenschaften 
22: 93, 1946 

16. BANNISTER, T. T., Arch. Biochem. Biophys. 49: 222, 1954 

17. SHORE, V. G., and PARDEE, A.B., Arch. Biochem. Biophys. 62: 355, 1956 

18. KRATKY, O., and SCHAUENSTEIN, E., Z. Naturf. 5: 28, 1950 

19. FRANK, J., and LIVINGSTON, R., Rev. Mod. Phys. 21: 505, 1949 

20. SHORE, V.G., and PARDEE, A.B., Arch. Biochem. Biophys. 60: 100, 1956 

21. BRUMBERG, E.M., Zh. obshch. biol. 17: 401, 1956 

22. BARSKII, I. Ia., and BRUMBERG, E. M., Biokhimiia 23: 791, 1958* 

23. BLIUMENFEL’D, L. A., Izv. Akad. Nauk SSSR, ser. biol. 3: 285, 1957 

24. BLIUMENFEL’D, L. A., and KALMANSON, A. E., Dokl. Akad. Nauk SSSR 117: 72, 1957* 

25. BLIUMENFEL’D, L. A., and KALMANSON, A.E., Biofizika 3: 87, 1958* 

26. KALMANSON, A. E., and BLIUMENFEL’D, L. A., Biofizika 3: 735, 1958* 

27. NEURATH, H., and BAILEY, K., (Ed.), Belki. (Proteins.) Izd. inostr. lit., Moscow, Vol. 1, 1956 

{Academic Press, New York, 1954] 


* There is a translation into English of this work. 


EFFECT OF TEMPERATURE ON CONDUCTION OF 
EXCITATION IN THE GIANT AXONS OF THE 
EARTHWORM * 


B. N. VEPRINTSEV and V. F. ANTONOV 


Faculty of Fundamental Biology, Lomonosov State University, Moscow 


(Received 19 April 1959) 


THE nature and mechanism of the generation of an electric impulse are fundamental 
to the problem of nervous conduction. The existing theories consider the action poten- 
tial on the basis of the Nernst equation. However, the experimental results obtained 
to date on the connexion between the amplitude of the recorded action potential and 
the available ionic gradients often cannot be described by the Nernst equation [1]. 
The nature of the temperature dependence of the action potential is also opposed 
to the universal applicability of the Nernst equation. Thus, in the giant axon of the 
squid the amplitude of the action potential rises with a fall in temperature [2]. The 
same has also been observed in the muscles of crustacea [3]. The amplitude of the 
action potential of an isolated frog muscle fibre, however, falls as the temperature 
is reduced [4]. Conflicting results have been obtained by different workers [5-10] 
for myelinated frog nerves. 

In this paper we report the results of investigating the variations in the parameters 
of the action potential over a wide range of temperatures for the isolated axon; we 
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take into account the influence of temperature on the conditions of recording both 
for different rates of temperature change and the direction of such change. Despite 
the considerable number of investigations devoted to the influence of temperature 
on the conduction of excitation [2-14], the nature of the change in the individual 
parameters of the action potential over a wide temperature range and at points cha- 
racterizing the transitional states has rarely been measured. 

In our experiments we used the giant axons of the earthworm Lumbricus terrestris L. 
This animal is very suitable for investigations on the physicochemical nature of the 
biopotentials, thanks to its wide availability, the size of the axons and the ease of pre- 
paration when separation of the axon from the nerve cord is not essential. 

The axons of the earthworm are the most highly myelinated invertebrate nerves [15]. 
Histologically each giant axon is a cellular syncytium composed of hundreds of nerve 
cells [15]. In the earthworm L. terrestris there are normally three giant axons: a central 
one with a diameter of 60-150 uw and two laterals each of 40-70 wu. They are located 
dorsally in the peritoneal nerve cord. The lateral axons are joined at least at every 
tenth segment by anastomoses [15-18]. They operate almost synchronously and 
excitation from one of them is transmitted at once to the other via the anastomoses. 
The conduction of excitation in the central axon is, as a rule, independent of the lateral 
ones [16]. In addition to the giant axons there are in the peritoneal cord several fibres 
with a diameter of less than 30 wu with high thresholds of excitation which producs 
action potentials of insignificant amplitude. In each segment the protoplasmatic con- 
tinuity of the axons is interrupted by transverse septa. The histological structure of 
these septa shows no fundamental difference from that of the sheath of the axon 
[15, 19], and their presence does not affect the character of the conduction of excitation. 
Conduction is not blocked by synaptic poisons [16] and excitation is transmitted equally 
in both directions. The high velocity of conduction excludes the possibility of synaptic 
delay at each segment. Thus, these septa cannot be regarded as synapses, as they 
have been in the past, except in the absolute, formal sense of the term. 


METHODS 


Earthworms measuring 15-20 cm in length were collected in September and kept 
in large earth-filled boxes packed tight with fallen foliage at +-15°. Most of the worms 
did not hibernate and remained active throughout the winter. In the dissection, the 
anterior end of the worm was secured with a dissecting needle and the tail held between 
two fingers of the left hand allowing free contractions but preventing the worm from 
winding around the needle. An incision was made along the dorsal surface of the 
body from the anterior end to the tip of the tail by means of ophthalmic scissors. It is 
important to avoid snipping the earth-filled intestine. After the incision had been made, 
the edges of the muscle sac were fixed by means of dissecting needles. The muscles 
connecting the stomach and intestines to the body wall were then severed by means 
of a sharp-pointed, spear-shaped needle. The stomach was drawn to one side by fine 
forceps and fixed by a dissecting needle. In precisely the same way the intestines were 
later drawn away and fixed by needles. The exposed nerve cord was cut at the cir- 
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cumpharyngeal ring and a piece of thread tied to it. The nerve cord behind the thread 
was then gracually raised and separated from the surrounding tissues and placed in 
Ringer solution of the following composition for 40 min to achieve osmotic equili- 


brium: 


NaCl 6°5 g/l; NaHCO, 0:2 g/l: CaCls 0-14 g/l; KCI 0-12 g/I 


In this solution the axons retained their electrical activity for more than 24 hr as 
compared with not more than 30 min for the Ringer solution proposed by Rushton [18]. 
The amplitude of the action potential after osmotic equilibrium had been reached 
remained fairly constant for 3—S hr. In recording the action potential the giant axons 
were not separated from the nerve cord since the action potential of the lateral and 
central axons were usually observed as distinct entities on the oscillograph screen — 
due to the different velocities of conduction of the nerve impulse and the different 
magnitudes of the thresholds of excitation. 


| 


Fic. |. Diagram for measurement of parameters of nerve impulse. a — latent period. 
b —- duration of rising phase. ¢ — duration of falling phase. d — duration of phase 
amplitude of potential. 


of hypopolarization. e 


The method for recording the potential was described in a previous paper [20]. 
The amplifier used had a band-pass frequency of 20 c/s to 30 kc/s. To decrease the 
stimulation artefact an electronic stimulator was employed. The nerve was stimulated 
at a frequency of 0-1-0-3 pulses per second. The image of the nerve pulse on the 
screen of the ENO-1 oscilloscope was photographed with a Zenith mirror camera. 

Monophasic and biphasic extracellular recording was used. When measuring 
the kinetics of the action potential, rather than its absolute magnitude, monophasic 
recording using external electrodes does not differ fundamentally from intracellular 
recording with micro-electrodes [21, 22]. Because of the small impedance of the amplifier 
and the small electrode resistance, the spurious input capacitance had less effect in 
extracellular recording and there was scarcelly any distortion of the form of the potential. 

The parameters of the action potential were measured directly on an oscilloscope 
screen or oscillogram as in the diagram in Fig. 1. The time base was obtained from 
the internal generator of the oscilloscope or (for higher accuracy) from an ZG-10 
external generator. In the majority of experiments the error did not exceed 5 per cent. 
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Heat regulation was by means of a Vobzer ultrathermostat connected to a refrigera- 
tion plant. Whenever a rapid change in temperature was required, the chamber was 
switched over to another thermostat at the requisite temperature. A thermistor with 
an accuracy of +-0-05° was used to measure the temperature of the nerve cord on 
achieving thermal equilibrium in the chamber. The more rapid changes in temperature 
when thermal equilibrium had not yet been reached between the Ringer solution and 
the thermostat liquid surrounding the chamber were measured by means of a ther- 
mocouple combined with a low inertia galvanometer. The accuracy in this case was 
+0-15°. 


EXPERIMENTAL RESULTS 


The giant axons of the earthworm retained their ability to conduct excitation 
within the temperature range from —6-5 to --38°. Monophasic recording, associated 


with damage to the distal section of the nerve, contributed to quicker blocking of 


conduction in the vicinity of the damaged area. Irreversible disturbances started 
to develop slowly at temperatures above 28-30°; at 34~-38° the disturbances may have 
set in within a few minutes or even seconds. Measurements of the amplitude of the 
action potential of the different segments of the nerve showed that the disturbances 
in conduction usually developed not over the entire length of the axon but in its indivi- 
dual parts. Prior to conduction ceasing the amplitude of the action potential varied 
for the different nerve segments. 

The nature of the temperature dependence of the main parameters of the action 
potential is shown in Figs. 2-5. In measuring the amplitude we allowed for the fact 
that the size of the potential recorded was dependent on the resistance of the segment 
of the nerve cord in the insulating petroleum jelly bridge. This resistance varied with 
change in temperature. We shall consider an equivalent circuit based on the data 
available on the electrical structure of a nerve fibre (Fig. 2, A). The R, ,, ¢ is composed 
of the internal resistance of the source of the e.m.f. in the nerve and the resistance 
of the axial cellular structures at the moment of excitation: Ry, for the resistance shunting 
the recording electrodes is made up of the resistance of the tissue forming part of the 
peritoneal chain and the resistance of the intercellular fluid and R,,, the input resistance 
of the amplifier. The following relationships exist between these resistances: R, ..¢ > Rey 
and R;,, is 3-5 times larger than Ry,. R,, varies with temperature, as does the resistance 
of the Ringer solution, with a Qjo of the order of 1.3. R;, is constant. The way in 
which R, ,, ¢ varies with temperature is not quite clear. The good agreement between 
the dependence on temperature with extra —and intracellular recording, even for 


different objects, suggests that R, ,, , varies with temperature in the same way as 


does the resistance of an electrolyte, possibly to a lesser degree [4, 10]. 

The size of the potential recorded was determined by the voltage drop over the 
resistances R,, and R;,. With temperature changes the R, ,, , and R,, exert opposing 
influences on the size of the action potential. Thus, for a constant e.m.f. developed 
by the source of the potential in the nerve, the amplitude of the action potential recorded 
might have varied with Qj) from | to 1-3 depending on the correlation between Ry, 
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Fic. 2. A. model of recording of action potentials by extracellular electrodes (explanation in text) 

B. characteristic curves relating amplitude of action potential to temperature plotted with correction 

for variation in R,,, test on 3 December 1958: A, 3 December 1958; X, 27 November 1958; O, test 

22 November 1958: @, test 12 November 1958. Ordinate: amplitude of action potential expressed in 
relative units. Abscissa: temperature. Arrows indicate direction of the change in temperature. 
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Fic. 3. A. scheme of recording of action potential from nerve cord of earthworm; /, 2, recording 

electrodes; 3, 4 stimulating electrodes. P: petroleum jelly bridge insulators of width 5 mm: 6, nerve 

cord. B. characteristic curves of variation in velocity of spread of action potential with temperature; 

&, test 20 November 1958: X, test 22 November 1958: @, test 17 December 1958. Ordinate: velocity 
in m/sec. Abscissa: temperature. 
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m/sec 


-10 0 0 20 


Fic. 4. Characteristic curves of duration of rising phase A and falling phase B. Ordinate: duration 

on logarithmic scale. Abscissa: temperature. The points represent change in the duration of the falling 

phase taking into account the duration of the hypopolarization phase. A test 20 November 1958: 
© test 27 November 1958. 


Fic. 5. Nerve impulse at various temperatures. Test 20 November 1958. The distance between two 
points in the time markings corresponds to 0-2 msec. The form of the pulses is somewhat distorted 
by the time markings. Photographs of the oscillograph screen were made at different scanning speeds. 


and R, ,,- and the changes in the absolute magnitude of R, ,, - with temperature. 
Since the input resistance of the amplifier is usually several times greater than the 
resistance between the recording electrodes, it is necessary to introduce a correction 
for the change in the shunt resistance to obtain a true value of the magnitude of the 
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potential. The correction factor was determined experimentally by measuring the 
temperature dependence of the amplitude of the action potential for an input resistance 
of the amplifier at 13 k@ and with the normal input resistance of 300 kQ. On average, 
for a temperature rise of 10 the shunt resistance was decreased by 25 per cent. The 
curve (Fig. 2, B) of the dependence of the amplitude of the action potential is given 
with a correction introduced for these changes. 

In absolute magnitudes the action potential recorded extracellularly reacted 5 mV. 
Within the optimum temperature region (18-8) a 10° reduction in temperature led 
to a fallin the amplitude of the action potential by a factor of 1-4-1-5. With a further 
decline in temperature the curve fell off even more steeply. In individual tests a fall 
in temperature of 10 lowered the amplitude by 1-4—-1-7 times. 

lhe duration of the rising phase of the action potential for a good specimen of 
the central axon at 20 was of the order of 0-2-0-3 msec and for the falling phase about 
0-8 1-3 msec. The curves for the duration of the rising and falling phases were exponen- 
tial in the temperature range 3-20 . The character of the dependence of these two phases 
on temperature varied somewhat (Fig. 4). The duration of the rising phase in the region 
of optimum temperature increased |-8-2-4 times for a temperature fall of 10°, whereas 
the duration of the falling phase rose in these conditions 2-5-3 times. The durations 
of the two phases tended to equalize on approaching both the warm and cold limits 
of conduction. At low temperatures, this equalizing effect was due to a considerable 
lengthening of the duration of the rising phase and a relatively smaller change in the 
duration of the falling phase (Fig. 4). At high temperatures the equalizing was due 
to a shortening of the falling phase, which occurred as follows. In the falling phase 
at 18-20 a break was seen at roughly half the pulse height; a distinct region of hypo- 
polarization being seen, with further increase in temperature, directly adjacent to 
the steeply falling part of the action potential (Fig. 1, d). The region of hyperpolariza- 
tion rose some what for an increase in the stimulation frequency to 10-20 pulses/sec 
and disappeared for 30-50 pulses/sec. The position of the break in the falling phase 
was gradually lowered in relation to the pulse height and at a temperature above 32 
(in the same way as for the higher frequency of stimulation) ran into the zero line, 
i.c. the hypopolarization phase was no longer recorded and the duration of the rising 
and falling phases became virtually identical. If the duration of the falling phase was 
measured together with the hypopolarization, then a single type of exponential function 
was maintained for this parameter over practically the entire temperature range (Fig. 4 
broken line). If we ignore the hypopolarization phase, then on the curve of the duration 
of the falling phase a sharp break is seen at that point where the sloping section of 
the drop in potential, termed by us hypopolarization phase, became distinctly marked 
(Fig. 4). When the temperature went below 20° a transient gyperpolarization phase 
appeared directly following the action potential. The magnitude of the hyperpolariza- 
tion rose for a reduction in temperature to 4-7 and then dropped somewhat. 

The hypo- and hyperpolarization phases were completely reversible and their 
variations with temperature were apparently not associated with the deterioration 
of the functional state of the axon since such variations were seen in the optimum tem- 
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perature region of the axon. Substitution of a solution with a high concentration of 
potassium ions for the Ringer solution normally used in the experiment decreased 
the degree of hyperpolarization. 

To determine the velocity of the spread of excitation along the nerve, we took 
specimens of the peritoneal cord measuring 4-5 cm in length. Excitation arose at 
the border of the insulating bridge of the negative electrode. The velocity was calculated 
from the data on the distance between the electrodes, the value of the latent period 
and the time between applying the stimulus and recording the nervous impulse, i.e. 
by the time for passage of the impulse between the two pairs of recording electrodes. 
In absolute values the velocity of the spread of excitation varied for the different axons 
at 20’ from 5 to 40 m/sec. The values most often obtained were 15-30 m/sec for the 
central axon and 7-15 m/sec for the laterals. The variation in the velocity for the tem- 
perature range 0-20 was of a rectilinear character. As the temperature was reduced 
from 18 to 8 the velocity fell 1-5-2-0 times. This type of relationship was maintained 
irrespective of the distance between the recording and stimulating electrodes. Whenever 
the functional state of the axon showed deterioration the conduction was slowed down. 

The threshold of excitation for the isolated axons was measured at different tem- 
peratures with a 10 per cent accuracy. For the stimulating pulses of duration more 
than 0-6 msec, the threshold showed no variation with temperature nor did we observe 
a lowering of the threshold of excitation at low temperatures as described in relation 
to the myelinated nerves of vertebrates. This was checked in experiments with a 2 per 
cent accuracy of measurement of the amplitude of the stimulating pulse and repeated 
changes in temperature from 0 to | 15: the results here were also negative. The 
threshold for the pulses of all durations rose sharply as the nerve died and prior to 
the reversible blocking of conduction. 

The general character of the dependence of the principal parameters of the mono- 
phasic action potential — amplitude, duration of the rising and falling phases, velocity 
of spread of excitation and threshold — was maintained irrespective of the direction 
of the change in temperature and the speed with which it was changed (from 0:2 to 
0-0002 /sec.). When the speed of change in the temperature was more than 0-5°/sec 
conduction was usually disturbed. Hysteresis phenomena were virtually absent as 
far as the amplitude of the action potential was concerned but were well marked in 
the duration of the rising and falling phases of the action potential and also in the velo- 
city of the spread of excitation. Hysteresis was usually better marked for slow changes 
in the temperature of the axons than for more rapid changes. Judging by our experi- 
ments, this phenomenon was essentially the result of the general deterioration of the 
state of the axon in the course of the test. 


DISCUSSION 


A noteworthy feature was the high dependence of the amplitude of the action 
potential on temperature. Such a dependence cannot be described by Nernst’s equation. 
According to the experimental data available on the electrical properties of a nerve 
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fibre and on the dynamics of ionic flow during excitation, the following explanations 
may be offered [23-25]. 

(1) The high degree of dependence on temperature may be associated with the 
changed kinetics of the ionic flow taking part in the generation of an electrical pulse. 
The process of activation of transfer of sodium and potassium ions apparently varies 
with temperature, e.g. if with a fallin temperature the process of potassium-ion transfer 
begins before the sodium conductivity has reached its maximum value then the amplitude 
of the action potential will fall, if later it will rise. Apparently there are, in principle, 
no limiting factors which would lead to the start of the potassium-ion transfer being 
adjusted to the moment when the sodium conductivity had already reached its theore- 
tically possible value. Thus the amplitude of the action potential will depend not 
solely on the difference in the ion concentrations in the steady state but also on the 
degree of separation in time of the processes taking part in the generation of a nervous 
impulse. 

(2) The dependence on temperature, as has already been considered in a preceding 
section, may be partially due to the conditions of recording the potential. 

(3) The character of the dependence may in part be due to the change in the resting 
potential with reduced temperatures. It is possible that an increased hyperpolarization 
value with a fall in temperature indicates a change in the resting potential. 

(4) Threshold measurements at different temperatures have shown that there 
is approximately a two-fold rise in the threshold as the temperature falls by 10° when 
the stimulating pulse has a duration which is less than the time of the initial rise in 
the action potential. It is difficult to explain this relationship on the basis of the theory 
which considers that the nerve fibre is excited when a definite voltage is reached in 
the surface layer and that the resistance of the inner part of the fibre and ambient 
fluid change with temperature as does the resistance of an electrolyte [26]. If this 
were the case the change in the threshold ought to be observed for the long as well 
as the short stimulating pulses. However, for the long pulses, the threshold of excita- 
tion of the giant axons of the earthworm does not vary, while according to Nasonov 
and Suzdal’skaia it may even fall for other species [27, 28]. 


SUMMARY 


(1) The character of the dependence on temperature of the parameters of the action 
potential of the giant axons of the earthworm was investigated by extracellular recording 
over the temperature range —5 to +38. 

(2) The following pattern was observed in the region of the optimum temperature 
of the axons: for a 10° reduction in temperature the amplitude of the action potential 
fell on average 1-5 times, the duration of the rising phase 1-8-2-4 times and that of 
the falling phase 2-5-3 times while the velocity of conduction fell 1-5-2 times. The 
dependence on temperature of the rising and falling phases of the action potential 
over the 3-20° range was exponential in character and before blockage of excitation 
their durations were equalized. The velocity of the spread of excitation, within the 
limits of experimental error, varied linearly over the range from 0 to 20°; with a fall 
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in temperature below 20° the pulse was accompanied by temporary hyperpolarization 
and above 23° by hypopolarization. The threshold value for stimulating pulses shorter 
than 0-1 msec was roughly doubled for a reduction in temperature of 10°, but for pulses 
of duration longer than 0-6 msec the threshold showed no change. 


(3) The action potential of the giant axons of the earthworm despite their septate 
structure does not differ essentially from that of the nerves of other species. The ease 
of preparation, the size of the axons and their good survival rate make it a suitable 
object for investigations of problems of nervous conduction. 

(4) A hypothesis is advanced on the role of the kinetics of the ionic flow in deter- 
mining the amplitude of the action potential. 

We take this opportunity to express our deep indebtedness to our director 
B. N. Tarusov and our colleague I. I. Marakhova, in the Institute of Cytology, for 
indications on the methods of work with axons of the earthworm and also to our 
colleagues of the Institute of Biophysics, A. M. Byzov and L. P. Kaiushin, for valuable 
remarks made during the discussion of the results obtained. 


Translated hv A. Crozy 
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* There is a translation into English of this work, 


MASKING OF SHORT TONE SIGNALS AS A FUNCTION 
OF THE TIME INTERVAL BETWEEN MASKED 
AND MASKING SOUNDS *?* 


Il. K. SAMOILOVA 


Sechenov Institute of Evolutionary Physiology, Leningrad 


(Received 14 January 1959) 


THE term “masking” ts used to denote the phenomenon of deterioration in the per- 
ception of useful sounds (useful signals) arising as a result of the action of interfering 
sounds (interference). It is commonly considered that this phenomenon occurs either 
with simultaneous signal and interference (when it is known as simultaneous masking) 
or when the useful signal is delivered after the effect of the interference (known as 
residual masking). It has been shown in certain papers [1], 2] that the phenomenon 
of masking may also occur when the masked sound precedes the masking one in time 
and is separated from it by a certain time interval. We denote this as “preceding” 
masking. The influence of ensuing stimuli on the perception of the preceding ones 
on electrical stimulation of the auditory analyser was known from the work of Gol’dburg 
(3. 4]. Later, in the work of Chistovich [5] an analogous masking effect of short audible 
pulses (clicks) was observed. Figure | gives a schematic representation of the investi- 
simultaneous, residual, preceding. 


gations of masking 


Intensity 


Ii] 


simul- 


Fic. |. Diagrammatic representation of investigations of masking by short auditory stimuli. J - 
taneous masking, /7 — residual masking, //7 — preceding masking, A — masking signal, B — masked 
signal. 


* Biofizika 4: No. 5, 550-558, 1959. 
+ Paper read to the Acoustics Conference held in June 1957 in Moscow. 
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Preliminary data have been given of the dependence of the preceding masking 
on the time interval between tones, the duration of the masked tone, the intensity of 
stimulation and the relationship between the frequencies of tones [1, 2]. Elsewhere [6] 
the author has presented the frequency relationships of preceding masking after prolon- 
ged training of the subjects in investigations of preceding and residual masking. 

In the present communication the results are given of comparative investigations 
of preceding and residual masking in relation to the time interval between masked 
and maskjng tones. 

The apparatus and technique of our experiments have been described in detail 
in the earlier papers. We investigated the thresholds of the auditory sensitivity of the 
masked tone in silence and in conditions of masking — preceding and _ residual. 
We estimated the value of the masking by the number of decibels required to raise 
the intensity of the masked tone to the level of perception in the presence of a masking 
tone following or preceding it. 

Comparative measurements of preceding and residual masking were made in the 
same tests and if in one test the preceding masking was first measured, then in the 
next test the investigation started with residual masking. 

The time intervals between masked and masking tones and also the duration of 
the tones were set by means of an electric generator making it possible to deliver two 
consecutive auditory signals with an interval of from | to 1000 msec. The tests were 
carried out on nine persons aged from 20 to 35 and well trained for these measurements. 
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Fic. 2. Preceding masking as a function of time interval between masked and masking tones. Averaged 
data: pitch of masking tone 1000 c/s; pitch of masked tone 1200 c/s; duration of masking tone 300 msec; 
duration of masked tone 20 msec: intensity of masking tone 90 dB over threshold. 


Figure 2 shows the curve of preceding masking plotted from the results of 54 tests. 
The pitch of the masking tone was 1000 c/s. The duration of the masked tone in these 
and subsequent experiments was 20 msec (magnitude commensurable with the duration 
of short consonant sounds) and the duration of the masking tone 300 msec (corres- 
ponding roughly to the mean duration of vowel sounds). In order to avoid clicks the 
tones had a smooth rise and fall and the interval between them was calculated from 
the start of the fall of the preceding sound to the start of the rise of the following one. 
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The shift in the threshold of the masked tones — the magnitude of masking — 
is plotted along the ordinate in Fig. 2. The curve shows that as the interval between 
masked and masking tone was shortened the magnitude of masking rose from 5 to 
50 dB. The highest rise in the curve was noted within the 100-10 msec interval. 


100 400 600 1000 
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Fic. 3. Masking as a function of time interval at various levels of sensation — 50, 70 and 90 dB above 
threshold — of masking tone Averaged data: pitch of masked tone 1200 c/s, of masking tone 1000 c/s: 
duration of masked tone 20 msec; duration of masking tone 300 msec. 


Figure 3 shows the curves for preceding masking in relation to the time interval 
between tones for the different levels of sensation of the masking tone 50, 70 and 90 dB 
above the threshold. The course of these curves indicates that as the intensity of the 
masking tone was increased the degree of masking rose as did also the time interval 
in which it makes its appearance. 
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Fic. 4. Results of comparative investigation of preceding and residual masking. 1, average curve of 
preceding masking, 2, average curve of residual masking. Frequency of masking tone for investigation 
of preceding and residual masking 1000 c/s; masked frequency 1200 c/s; duration of masking tone 
300 msec, duration of masked tone 20 msec; intensity of masking tone 90 dB above threshold. 


The curve of the masking tone with a level of sensation of 70 dB is considerably 
closer to that for 50 dB than that for 90 dB; this is particularly conspicuous for short 
intervals between masked and masking tone. Thus, with an increase in the intensity 
of the masking tone by 20 dB above the level of sensation of 70 dB, the degree of masking 
rose considerably more than with the same 20 dB increase in the intensity of the masking 
tone above the level of sensation of 50 dB. Apparently, a certain analogy may be drawn 
here with the critical intensity of the after-effect of auditory stimulation [7]. 
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To a certain extent this increased masking with a level of sensation of the masking 
tone at 90 dB may point to the desirability of distinguishing three zones of intensity 
levels in the perception of auditory stimuli and, in particular, the desirability of 
distinguishing the third zone of intensity ranging from 80 to 90 dB and higher [8]. 

Figure 4 shows the results of the comparative investigations of preceding and 
residual masking. In these investigations the experimental conditions were identical. 
It is clear from the Figure that these curves both in their qualitative character and 
quantitative values approximate very closely and that the values for the preceding 
masking may even exceed those for residual masking, especially for the short intervals 
(10 msec and less) where the difference was 10 dB. The curves then come even closer 
together and for the 60 msec interval coincide; but they then diverge and at 1000 msec 
the values of the preceding masking exceeded those for residual masking by 4 dB. 
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Fic. 5. Results of comparative investigations of preceding and residual masking for other frequencies. 
1, 2, as for Fig. 4. Frequency of masking tone 250 c/s; masked frequency 300 c/s; duration and inten- 
sity of masking tone as before. 


The curves presented are of averaged results. It was not always possible in individual 
tests to observe this difference in one level above the other. The records for test No. 813 
given below show that in subject V the values for the residual masking predominated 
for the majority of time intervals. In subject G (No. 800) the values of the preceding 
masking exceeded the residual values. 

In some subjects for certain time intervals the values of the preceding masking 
predominated, for other intervals the residual values were higher (subject K, No. 807). 
It should be noted that the masking values were very variable; these patterns were 
not always reproducible from one test to the next. However, from the averaged findings 
we always obtained values for the preceding masking somewhat in excess of those for 
the residual masking. 

The measurements were repeated on one subject about 2 years after this series 
of experiments. There was no fundamental change in the results. As on the previous 
occasion the considerably higher value of preceding masking could be noted (subject L., 
No. 1487). 

The experiments were carried out with frequencies of 1000 and 1200 c/s, and similar 
tests were made for other frequencies in both a high and low frequency range. The 
results of the tests are given in Figs. 5 and 6. 
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Record No. 813. Subject V.M., 26 years of age. 15 November 1956 
Conditions of experiment: 

Pitch of masking tone 1000 c/s 

Pitch of masked tone 1200 c/s 


Duration of masking tone 300 msec 


Duration of masked tone 20 msec 
Intensity of the masking tone 90 dB above threshold 


Investigation of residual masking. Investigation of preceding masking. 
Threshold in silence of attenuator damping: Threshold in silence of attenuator damping: 
for masked tone 93 dB for masked tone — 103 dB 

for masking tone — 104 dB 


for masking tone — 110 dB 


Threshold in | Threshold in 
Interval between Interval between | q 
conditions of Shift in conditions of Shift in Excess value 
masked and masked and ’ 
masking and (threshold (degree masking and threshold (degree preceding 


masking stimuli 
of damping of of masking, dB) . } 
(msec) (msec) 
attenuator (dB) 


masking stimuli 


of damping of | of masking, dB) masking 


attenuator (dB) | 


43,44 49 3 63,63 40 9 


5 43,44 50 5 68,68 35 —15 

10 43,44 49 10 67,67 36 -13 
20 51,51 42 20 72,71 32 -10 
60 67,68 25 60 91,91 12 13 
100 91,81 12 100 95,95 8 - 4 
600 95,95 2 600 101,101 2 4 
1000 95,95 2 1000 103,103 0 2 


Record No. 800. Subject G.D., 26 years of age. 9 November 1956. Same experimental conditions 


Investigation of preceding masking. 


Investigation of residual masking. 


for masked 


Interval between 
masked and 
masking stimuli 


(msec) 


tone 


for masking tone 


Threshold in 
conditions of 
masking and 
of damping ot 


attenuator (dB) 


45,47 


Threshold in silence of attenuator damping: 


Shift in 
threshold (degree 
of masking, dB) 


45 


Threshold in silence of attenuator damping: 


Interval between 
masked and 
masking stimuli 


(msec) 


for masked 
for masking tone 


Threshold in 
conditions of 
masking and 

of damping ot 
attenuator (dB) 


44,44 


107 dB 
105 dB 


Shift in 
threshold (degree 
of masking, dB) 


63 


Excess value 
for preceding 
masking 


18 


5 48,47 45 5 47,47 60 15 
10 51,51 4] 10 54,53 54 13 
20 §2,53 9 20 55,55 52 13 
60 64,65 27 60 56,56 51 24 
100 76,76 16 100 7e,07 30 14 
600 91,91 | 600 91,92 15 14 
1000 9191 | 1000 92,93 14 13 


From Figs. 5 and 6 the higher values for the preceding masking are just as obvious. 
lt should be noted that this was particularly striking for the high frequencies — fre- 
quency of masking tone 5000 c/s and masked tone frequency 6000 c/s. 

Figure 7 presents the results of comparative investigations of preceding and residua 
masking. The curve of preceding masking is on the left, that for residual masking on 
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Record No. 807. Subject K.K., 20 years of age, 15 November 1956. Same experimental conditions 


Investigation of preceding masking. Investigation of residual masking. — = 
Threshold in silence of attenuator damping: | Threshold in silence of attenuator damping: 
for masked tone — 104 dB for masked tone 89 dB 
for masking tone — 106 dB for masking tone — 110 dB 


Threshold in | Threshold in | 
Interval between . | | Interval between | 
conditions of Shift in | conditions of Shift in Excess value 
masked and 


masking and threshold (degree| .| masking and threshold (degree) for preceding 
of damping of | of masking, dB) of damping of of masking, dB) masking 


(msec msec 
attenuator (dB) attenuator (dB) 


66,67 37 ; 45,46 43 
67,68 36 48,49 40 
69,70 34 50,51 38 
74,73 : 54,54 35 
80,79 75,76 13 
84,84 76,76 3 
84,85 87,87 2 
1000 95,36 1000 89,89 0 


Record No. 1487. Subject I.K., 30 years of age. 2 June 1958. Same experimental conditions 
3 Investigation of residual masking. Investigation of. preceding masking. 
Threshold in silence of attenuator damping: Threshold in silence of attenuator damping: 
for masked tone — 85 dB for masked tone — 112 dB 
for masking tone — 116 dB for masking tone — 99 dB 


Threshold in Threshold in 
conditions of Shift in conditions of Shift in Excess value 
masked and masked and 
. masking and threshold (degree masking and threshold (degree for preceding 
of damping of of masking, dB) of damping of | of masking, dB). masking 


(msec) (msec 
attenuator (dB) uae attenuator (dB) 


47,47 38 ; 56,56 56 18 
49,49 56,56 : 20 
51,51 57,57 21 
61,62 78,79 33 +10 
75,74 | 99,99 + 2 
79,80 101,100 +H 
84,84 105,105 + 6 
1000 88,88 ; 1000 105,106 t+ 9 


the right. For the results plotted on the left the masked tone was delivered first followed 
by the masking tone after a definite and diminishing time interval. As the interval 
shortened the pulses came together to a point at which the masked and masking tones 
coincided in time and later (right half of Figure) the masked tone was delivered with 
an increasing interval after the masking (residual masking). 

It was interesting to observe what happened when the pulses coincided. Since the 
duration of the masked tone was 20 msec and that of the masking tone 300 msec, 
it is obvious that the two could coincide in different conditions of masking — the masked 
signal may occupy a different position in relation to the masking signal. Our findings 
on this were obtained in joint work with L. A. Varshavskii from limited experimental 
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material and in somewhat different experimental conditions, but it is nevertheless 
interesting to consider them in relation to the results presented here for the investigations 
of preceding and residual masking. 


6 1 2W 60 100 400 600 1000 


Time interval (@ sec) 


Fic. 6. Relationships, analogous to those of Fig. 5, for masking frequency of 5000 c/s and masked 
frequency 6000 c/s. Duration and intensity of masking tone as before. 


Figure 8 gives the averaged curve for the investigations of simultaneous masking 
(masked sound signals during the action of the masking signal). The abscissa gives 
the time in msec. This time does not as in the other experiments denote the interval 


Masking 


Residual 


Preceding 


Fic. 7. Curves of preceding and residual masking. On left is shown the average curve of preceding 
masking, on the right of residual. Frequency of masking tone 1000 c/s, masked frequency 1200 c/s; 
duration and intensity of masking tone as before. 


between masked and masking tone. The masking tone lasted 300 msec and at different 
times from the start of this period (20, 120, 260 and 300 msec) the masked tone lasting 
20 msec was switched on. Figure 8 shows that the masking was greater the sooner 
the masked signal was delivered after the start of the masking tone. 

The data are complementary to those given above and bring together the results 
of the investigations of preceding and residual masking, bridging, as it were, the gap 
seen in Fig. 7. 
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If we place this curve between the curves of preceding and residual masking, then 
we derive a general curve for the preceding, simultaneous and residual masking which 
is somewhat asymmetrical with the peak shifted to the region of preceding masking. 
Such a curve corresponds to the findings of Miller [9] who investigated the influence 
of phase shifts on the magnitude of masking of short tone signals (duration 4-12 msec) 
and observed maximal values for masking with a one-quarter phase lead of the masked 
over the masking tone, which was 2-2:5 msec in Miller’s experiments. 


60 
4 


= 


120 260 300 » 


Fic. 8. Average curve in investigation of simultaneous masking. Abscissa: time from start of sound 
of masking tone to switch on of masked tone; frequency of masked tone 1380 c/s; frequency of masking 
tone 1000 c/s; intensity and duration of masking tone as before. 


The course of such a curve with its peak shifted towards the region of preceding 
masking also fits the results obtained earlier in investigations of intelligibility of speech 
transmitted at high speed [1, 2, 10, 11]. We observed the highest number of distortions 
not in the consonant sounds following the vowel sounds (which might have been expected 
considering the known mechanism of residual masking) but for consonants preceding 
the vowel sounds. 

Thus, it is clear from the findings presented that in addition to simultaneous and 
residual masking there also exists preceding masking; the values of the latter are of 
the same order as those of the residual masking, and may be even higher for the short 
signals and intervals investigated by us. 

How is one to explain the higher values of the preceding masking? 

It is known from electrophysiological work that the action potentials of the cortical 
section of the auditory analyser may be recorded 8-10 msec from the moment of 
application of the auditory stimulus [12-14]. However, in order that the excitation 
entering the cortical section of the analyser be perceived as a sensation, a further definite 
time is necessary (considerably longer than the time of passage along the auditory 
pathways) during which interaction of the excitation of the first and second sounds 
occurs. The results of such interaction determine the character of the sensation, i.e. 
whether the two sounds will be perceived as two or as a single loud sound. For definite 
temporal, strength, and frequency, ratios between tones the second stimulus may mask 
the first. 

From the work of Derbyshire and Davis [12] and others, it is known that a strong 
excitation spreads along the auditory pathways more rapidly than a weak one, appa- 
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rently due to the shortening of synaptic delays as a result of the increased number - 
of active fibres in response to strong stimulation. As the centres are approached, 
the difference in the speeds of propagation of strong and threshold stimulation rises [12]. 
It is logical to suppose that in the cortical section of the analyser the difference in the 
rates of the rise between the strong and weak excitations is also increased — the curve 
of weak excitation has a more sloping rise, with a steeper rise for the stronger excita- 
tion — which apparently also accounts for the different times for the sensation of 
weak and strong stimuli to appear [15, 16]. 

It may be assumed that the effect of the preceding masking is to a certain extent 
determined by the relative difference in the time of the sensation of the strong and weak 
stimuli. The phenomenon of residual masking is an expression of the after-effect 
of strong excitation. The values for preceding masking may exceed those for residual 
masking when the relative difference in the time of sensation of the masked and masking 
tones is more marked than is the after-effect of the masking tone. 


Translated by A. Crozy 
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X-IRRADIATION * 
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Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 27 January 1958) 


INTRODUCTION 


AT least two different mechanisms may cause the death of cells treated by ionizing 
radiations. One of these is seen on division of the irradiated cell and the other deter- 
mines the death of the cells even before the onset of division. The first mechanism 
(which we shall term genetic) is essentially associated with the anomalous distribution 
of the hereditary material and has been analysed in detail on the most diverse cell forms 
of both plant and animal origin [l, 2]. The second of these mechanisms, which we 
shall call physiological, is particularly apparent on irradiation of cells incapable of 
division [3]. It is natural to consider that both these mechanisms are to be observed 
on irradiation of the bacterial cell. There are a few references to the existence of the 
various types of radiation-induced death of bacteria [4-6]. However, despite the fact 
that this type of cell has been widely used in the most varied radiobiological experiments, 
until recently no differential analysis of the effect of irradiation in relation to each of 
these separate forms of death had been made. Such an analysis had not even been 
carried out in investigations which by their very nature called for such differentiation; 
we have in mind experiments aimed at elucidating the size of the “target” determining 
the genetic effect of radiation [7]. 

The technique usually employed to determine the quantitative effect of radiation 
on bacteria is based on suppression of their ability to form macrocolonies, i.e. on a 
criterion by which all modes of cell damage are assessed simultaneously. 

The purpose of the present investigation was to establish the relative contributions 
of the “genetic” and “physiological” mechanisms to the radiation injury of bacterial 
cells and to bring out their relative radiosensitivities by tracing the relationship between 
each of these mechanisms and the radiation dose. 


MATERIALS AND METHODS 

Escherichia coli was used as test object, in the form of an 18 hr (in individual cases 
20 hr) culture grown on meat-—peptone agar at 37°. The dose of X-rays (190-210 kV, 
15 mA, 0-75 mm Al +0-5 mm Cu) varied from 0-5 to 50 kr and in the majority of 
experiments the dose rate was 250-300 r/min. 


* Biofizika 4: No. 5, 559-566, 1959. 


> 
: 
¥ 
4 bs = 
uri 
> 
45 
P 

: 

2 

: 

53 


N. I. SHAPTRO ef al. 


The suspensions were prepared in sterile tap water immediately before irradiation 
and contained 10-107 organisms per ml when the dose was less than 15 kr and up 
to 108 organisms per ml for a dose between 15 and 50 kr. The bacterial suspension, 
in a layer 3-4 mm thick, was irradiated in a polymethylmethacrylate box. 

The damage to the bacterial cells was estimated by two procedures. 


(1) Method of colony count 


The irradiated suspension was diluted to the necessary concentration with water 
and equal amounts (0-05 ml) plated on agar medium in a Petri dish. An unirradiated 
suspension treated in like manner served as control. The colony count was made 
after 20-24 hr at 37 in both the test and control plates. For each batch the average value 
was found and the percentage survival rates determined from the formula P = 
(no/n.) x 100%, where mp and n, are the numbers of colonies grown from the irradiated 
(test) and unirradiated (control) cells respectively. 


(2) Microscopic method 


A fine layer of meat-peptone agar was placed on a slide, a drop of bacterial suspen- 
sion smeared over the surface and 1-2 drops of 3°, urea solution placed on top. The 
preparations were then incubated in a humid chamber at 37. After between 2 hr 
and 2 hr 15 min the preparations were removed and fixed in formalin vapour. The 
fixed bacteria were counted under a phase-contrast microscope with a magnification 
of 90 x 10. The basis of this method is the property of the living bacterial cell to respond 
to the action of urea by a temporary increase in size reaching several times the former 
proportions, whereas the size of dead cells treated in this way remains unchanged. 

Because of the appreciable differences in the sizes of the living and dead bacteria 
produced in this way, they are readily distinguishable [8], e.g. the average length of 
the dead cells was 2-3-+-0-1 wu, whereas the size of the living cells varied according to 
whether or not they had been irradiated, the average length of the irradiated cells being 
4-5+-0-2 u and the unirradiated 5-4-+-0-1 u. This difference in the reactions of irradiated 
and unirradiated cells to chemical treatment has been noted in a number of papers 
[9, 10]. Despite the difference in size of the two categories of living cells they were 
easily distinguishable from the dead cells. 

The survival rate of the bacteria (gy) estimated by the microscopic method was 
determined from the formula qo = (m,/Nq,) x 100% where n, is the number of live 
bacteria, N the total number of bacteria counted and q, the survival rate for the controls 
which was in turn determined by the ratio of the number of live bacteria to the total 
cell count. 

A comparison of the degree of radiation damage as assessed by these two methods 
makes it possible to differentiate between the mechanisms by which radiation kill 
bacterial cells. The method of colony count, as indicated above, gives the overall 
effect of the action of radiation including both the “genetic” and “physiological” 
mechanisms. The microscopic method assesses only the “physiological” death of the 
cells. By deducting the fraction of the damage produced by “physiological” distur- 
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bances from the overall effect, we obtained the measure of the death due to damage 
by the “genetic” mechanisms. 

Before passing to the main tests, we considered it necessary to elucidate a number 
of fundamental problems connected with the use of the microscopic method for estima- 
ting the death of bacterial cells, including: (1) whether or not lysis occurs prior to the 
cell count in some bacteria dying from the effects of radiation which react or do not 
react to treatment with urea; (2) whether there is actually no reaction on the part 
of the dead cells to urea; (3) whether there are among the irradiated cells not reacting 
to urea live cells capable of forming colonies; and (4) whether the cells which react 
to treatment with urea are in fact capable of division. 

To answer the first point, a bacterial count was made both before irradiation and 
of the cells surviving irradiation. About 2000 cells (~ 700 fields of vision) were counted 
in both the irradiated and unirradiated suspensions. The results of the counts revealed 
no presence of lysis in the chosen experimental conditions. 

To answer the question as to whether the dead cells react to treatment by urea 
solution, a suspension of bacteria was killed by heating (7 min at 70°) and treated by 
urea as described above. Microscopic observations showed no change in the size of 
the bacteria treated with urea and on plating on agar medium such bacteria naturally 
did not produce either micro- or macrocolonies. 

To ascertain whether it is possible to find among the irradiated cells which do not 
react to urea some which are capable of forming colonies, the bacterial suspension 
was subject to X-irradiation and then treated with urea as above. The bacteria were 
then washed off with water and centrifuged (7000 rev/min for 20 min). The exceedingly 
small amount of precipitate and supernatant were inspected under the microscope 
(not less than 25 fields of vision) and the supernatant was found to contain only small 
(dead) cells (2-5 per field of vision) and no colonies appeared on plating out on meat- 
peptone agar. 

Finally, the following observation answers the last point. When the layers of 
bacterial suspension treated with urea solution and incubated at a temperature of 
37° for between 2 hr and 2 hr 15 min were not fixed, the enlarged bacteria left for a fur- 
ther 10-15 min in the incubator or even at room temperature started to divide and 
within 1-5-2 hr microcolonies had formed. 

Thus the observations and tests carried out showed that the microscopic method 
could be used in the quantitative estimation of the role of the “physiological” mecha- 
nism in the death of the irradiated cells. 


RESULTS AND DISCUSSION 

More than 60 individual tests were made to obtain the curves of inactivation as 
a function of the dose of X-radiation. The bacterial cell suspensions were irradiated 
at the following doses: 0-5, 1, 2, 3, 5, 7, 10, 15, 25, 35 and 50 kr. For all these doses 
the death of the bacteria was estimated by the microscopic method and for doses from 
0:5 to 10 kr inclusive by a count of the number of colonies. The full results are given 


in Tables 1 and 2. 
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Test 


Rad- 

iation No. of | Total No. of 
dose prepara- cell live 
(kr) tions count cells 


1-0 13 2805 2206 
2-0 10 2069 1725 
1872 1313 
5-0 § 7597 498? 
70 15 3365 1541 
10-0 3 7188 3288 
15-0 28 6035 1062 


Test 


Radiation 


21 


1-0 16 
2-0 5 
3-0 14 
5-0 27 
7-0 36 


16 


Percent- 
age of 
surviving 


4325 
1199 

930 
2814 
1081 
106 


8199 


cells 


No. of Petri No. of 
dose ‘ 
dishes colonies 
(kr) 
considered formed 
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No. of 
prepara- 
tions 


No. of 


Petri dishes 
considered 


Total 
cell 
count 


Controls 


Controls 


No. of 
live 


cells 


2430 
1697 
1241 
6083 
2890 
5600 
4100 


No. of 


colonies 
formed 


10,874 
5934 
2204 
2551 

17,086 

12,427 

3575 


Survival 
rate in test 
Percent- series with 
age of _ reference 
surviving to data for 
cells controls 


91-5 
91-0 
92-0 
88-7 
91-6 
90-8 
84-2 
87-6 
744 
89:8 
93-2 


Survival rate for 
test series with 
reference to data 

for controls 
(%) 


VARIATION OF INACTIVATION OF BACTERIA, ESTABLISHED BY COUNT OF MACROCOLONIES, 
WITH DOSE OF X-RAYS 


638 
54-4 
31-2 
17-1 

9-2 


2-4 


78-9 


As indicated above, the results of the investigations of the irradiated cells treated 
with urea characterized the death of the cells due to the “physiological” mechanism. 
The data obtained from estimating the number of macrocolonies reflected the general 
death of the cells due to both the “physiological” and also the “genetic” mechanisms. 


TABLE I. VARIATION OF INACTIVATION OF BACTERIA, JUDGED BY RESPONSE OF LIVE CELLS TO UREA, WITH 
DOSE OF X-RAYS 


(%) 


95-5 
86:3 
90-7 
79:2 
71:7 
50:5 
53:2 


20:1 


5:8 


The nature of the dependence of inactivation on radiation dose is perfectly clear 
from Fig. |. As the graph shows, the experimental values plotted on a semilog scale 
were in both cases fairly evenly distributed around straight lines (lines 1 and 3). 
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When calculating that proportion of the inactivation of the bacterial cells due 
to the “genetic” mechanism, we started from the assumption that the damage caused 
by each of the analysed mechanisms and the manifestations of such damage are in- 
dependent events [I1]. It was necessary to take into account the probability of simul- 
taneous damage by both mechanisms. Failure to make due allowance for such a type 
of coincidence would result in an underestimate of the specific role played by the 
“genetic” death of the cells and the extent of the underestimate would have been directly 
related to the radiation dose. 

If damage by both mechanisms is independent, the probability that the bacterial 
cell will, for a given radiation dose, form a microcolony on plating out on agar will 
be determined by the product of the probabilities that neither the “genetic” nor the 
“physiological” mechanism will produce damage, i.c. (1-P,) =(1-P,) (1 -P,). 
where P, is the probability of damage due to the “genetic” mechanism, P,, the probability 
of damage due to the “physiological” mechanism (estimated by the microscopic method) 
and P, the probability of damage by either of the two mechanisms (estimated by the 
count of macrocolonies). 

Hence, 


1—P 
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Fic. 1. Death of bacterial cells as a function of dose of X-rays. / — “Physiological” 
death. 2 — “Genetic” death 3 — Death produced by both mechanisms. Ordinates: 
log percentage surviving bacteria Abscissa: radiation dose in kr. 


The dose dependence of the “genetic” death was determined from this formula (see 
Fig. 1, line 2). 

Thus, it was possible to show that the exponential curve usually obtained for the 
dependence of inactivation of E. coli on the radiation dose may be differentiated into 
two components one of which (obtained directly) reflects the “physiological” death 
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of the bacteria, whereas the other (calculated as the difference between the first two) 
is a reflection of the dependence of the “genetic” death of the bacteria on the radiation 


dose. 
It may be concluded from the findings given above that the specific share of the 


“physiological” mechanism in bringing about the death of the cells is small in com- 
parison with the “genetic” factor. Thus, in the dose range 0-5—10 kr the death of the 
irradiated bacteria occurring through the “physiological” mechanism was about 
2-4 times less than that due to the “genetic” disturbances. The small share of the 
“physiological” mechanism in the death of the cells is obviously connected with its 
radioresistance being higher than that of the “genetic” mechanism. The relative radio- 
sensitivities of the two forms of death of the bacterial cells may readily be judged 
from a comparison of the corresponding values of the LD37 — for the “physiological” 
death it was 14-5 kr, and for the “genetic” 3-4 kr. We would point out that the values 
obtained in the present experiments for the LD37 approximate very closely to those 
obtained earlier for total inactivation of E. coli by Wyckoff [12] (4:2 kr) and Zirkle 
[13] (3-9 kr). 

If we now consider the curve characterizing the dependence of the “physiological” 
death on the radiation dose, we cannot fail to notice its exponential character. This, 
as is known, indicates the so-called single-hit reaction and the presence of a structure, 
in which this reaction occurs, unique for each cell. Since the unique features of the 
cell are the genetic structures, it cannot be excluded that in the “physiological” death 
of the cells we are in fact dealing with a variant of the “genetic” death. 

In connexion with the plotting of the curves of dependence of the “physiological” 
and “genetic” death of the bacterial cells on the radiation dose, it is natural to consider 
the possibility of determining the “target” size in these tests; in other words, to find 
out whether it is possible to calculate the volume occupied by the genetically active 
structures in the bacterial cell. Attempts to employ this method in establishing sensitive 
volumes have frequently been made and in a number of cases have been quite effective, 
particularly in establishing molecular weights of various substances and also the size 


of virus particles [7, 14, 15]. 
A necessary condition for the correct determination of the size of any “target” 


is the absence of a remote effect of radiation. In the case of structures of genetic impor- 
tance such a condition does in practice pertain even on irradiation of the entire cell. 
It has been demonstrated that the disturbances in these structures are strictly localized 


[7, 16]. 
The sensitive volume (v) was determined by us from the formula [7]: 


v = 3/(LD37)-N, 


where N is the number of ionizations produced in 1 ml water by a radiation dose of 
| r. The value of the LD3; is expressed in roentgens. The figures calculated according 
to this formula for the sensitive volumes, damage to which determined the various 
modes of death, were 1-2 10716 ml for “physiological” death and 5:2 10~!6 ml for 


“genetic” death. 
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Despite the fact that radiation damage to structures of genetic importance is, as 
has been stated, of a local character, in this case together with the direct action of the 
radiations there was also a so-called indirect action. According to our unpublished 
findings the direct action of radiations in the “genetic” death of the bacteria accounts 
for about 1/3-1/5 of the total effect of irradiation. The size of the corresponding 
sensitive volume should by comparison be reduced 3-5 times. 

Since it is known that the genetic material of the bacterial cell is in fact DNA [17], 
it was interesting to compare the findings giving the amount of this substance obtained 
in biochemical investigations with the sensitive volumes established by target theory. 
Analogous results have been obtained by various workers in the determination of 
the amount of DNA in the cells of E. coli by biochemical methods, varying from 107 !4 g 
to 10714 g [18, 19]. 

According to the unpublished findings kindly placed at our disposal by 
E. V. Moiseyenko, the amount of chemically determined DNA in the cells of E. coli 
of the strain used in our work is 1-6 10~'4 g. Hence, it can be seen that the figure 
characterizing the “Sensitive volume” was less by two orders of magnitude than that 
for the amount of DNA demonstrated by biochemical methods. 

To what should we attribute this large discrepancy which cannot in our view be 
explained either by the inaccuracies of the methods employed or by random factors? 

The discrepancy may possibly be due to the following factors: 

(1) The calculation of the volume occupied by DNA was made in the biochemical 
determination on the basis of the specific gravity of water. In reality, the density of 
DNA is very high and the true volume occupied by it may be down by one-third [7]. 

(2) Since within the cell DNA is in the form of a complex with the proteins it cannot 
be excluded that the latter protect in like manner to the protection observed earlier 
on irradiation of alloxazinadeninedinucleotide in the presence of protein [20]. Such 
protection, as has already been demonstrated for a number of substances, may also 
occur in the absence of an indirect action [14, 21, 22]. It is also possible that complex 
formation with proteins avoids the radiation after-effect which is observed on irra- 
diation of chemically pure DNA [23, 24]. Increase in the radiation dose necessary 
for inactivation of the DNA molecule leads to a reduction of the apparent target size 
[7, 14]. 

(3) The radiation method, unlike the biochemical, determines not the total amount 
of DNA but only the genetically-active portion. In a number of investigations it has 
been shown that the genetically active portion of the DNA in certain objects studied 
along these lines accounts for less than half the total amount [25]. Moreover, on the 
basis of the techniques employed in our work, it should be noted that the radiation 
method may not reveal the entire portion of the genetically-active DNA present in 
the cells of E. coli but only that portion which when modified causes the appearance 
of lethal mutations preventing colony formation. 

In summing up this review of the possible causes for the discrepancies between 
the results of the determinations of the volume occupied by the structures of genetic 
importance in the bacterial cells by the two methods, it may be concluded that by 
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using target theory for determining this volume additional knowledge is required both 
of the nature of the hereditary disturbances leading to the death of the cell and on the 
laws governing the action of radiant energy on genetic structures. 


SUMMARY 
(1) We have tested a method aimed at detecting the presence of two mechanisms 
of radiation death of the cells of EF. coli— the “genetic” (connected with the process 
of cell division) and the “physiological” (not connected with the process of cell division). 
(2) The radiation death of E. coli was essentially the result of disturbances of the 
“genetic” mechanism whereas damage of a “physiological” character was of secondary 


importance. 

(3) The dependence of the disturbances produced by the “genetic” and “physiolo- 
gical” mechanisms on the dose of X-radiation is exponential in character. 

(4) A difference was seen between the values for the volume occupied by the geneti- 
cally active structures in the E. coli cell established by radiation micrometry and the 
value of the volume of DNA established by biochemical methods. The possible reasons 
for this discrepancy are discussed. 


Translated by A. Crozy 
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EFFECT OF RADIATIONS ON EHRLICH ASCITES 
CARCINOMA IN CONNEXION WITH THE PROBLEMS 
OF PROTECTION * 


. CELLULAR CHARACTER OF THE ACTION OF PROTECTIVE 
SUBSTANCE 


Ye. N. TOLKACHEVA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R , Moscow 


(Received 25 May 1959) 


Apart from the intrinsic value of studying the nature of the protective action of chemical 
substances on the animal body such a study is of no less interest as a means of eluci- 
dating the mechanism of action of ionizing radiations on biological objects. At the 
present time, quite a large number of substances are known which on introduction 
into the body before irradiation are able to protect animals against the damaging 
effects of radiation [1-3]. 

Study of the action of these substances based on a criterion such as the survival 
power of the animal cannot bring out with sufficient clarity the nature of the biological 
protection afforded. When the protective effect is assessed in such an overall fashion, 
light is not usually thrown on the initial links in the radiation reaction, namely, those 
links directly connected with the reaction of the individual cells. An investigation of 
the effect of the protective substances on individual cells during whole body irradiation 
does not allow of a clear differentiation of the reaction at the cellular level from that 
of the system taken as a whole. It is, therefore, of great and perhaps of decisive impor- 
tance to investigate the influence of these substances at the cellular level if one wishes 
to elucidate the mechanisms of action of the protective substances in mammals. 


The purpose of the present work was to clarify the question of whether the chemical 
substances under discussion protect the body through a direct protective action on 
the cells or whether their influence is mediated by certain specialized systems. 


* Biofizika 4: No. 5, 567-573, 1959. 
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Ehrlich ascites carcinoma cells were used as test objects. One kind of transplantable 
strain of Ehrlich ascites carcinoma is a cell population of mammary cancer living freely 
in the peritoneal cavity of mice. 

The advantage of the test object selected is that ascites carcinoma cells may be 
handled in various ways for lengthy periods outside the body. Experiments involving 
stringent quantitative assessments may be performed with use of this test object since 
an accurate estimation of the number of tumour cells used in the experiments is possible. 

In the study of the problem of interest to us, different routes were used for injecting 
the protective substances into the body of the animal — subcutaneous and intra- 
peritoneal. In the latter case, the protective substances were actually introduced into 
the ascitic fluid and, consequently, direct contact with the cancer cells was possible. 
[f protection depends on the interaction between the substance and cells then intra- 
peritoneal injection ought to be the most effective, whereas, in general, subcutaneous 
injection might not give the required effect, bearing in mind the quite autonomous 
development of malignant neoplasms. To establish the presence of a cellular effect 
exerted by certain protective substances, we also carried out a special experimental 
series in which the tumour cells were irradiated in vitro. Five substances were investiga- 
ted for their protective action, substances differing not only in chemical structure 
but in the mechanisms by which they have been assumed to act on the irradiated body: 
glutathione, cysteamine, heroin, sodium pentobarbitone and (-aminoethylisothiuro- 
nium, Br.HBr. 

The protec tive action of glutathione is usually ascribed to the presence of the free 
SH group which enables this compound to reduce the oxygen tension in the tissues 
or participate in trapping of active radicals formed by radiolysis of water. Cysteamine 
(3-mercaptoethylamine) in the view of a number of workers [4] exerts its protective 
action through formation of transitory complexes with the proteins. The complexes 
thus formed protect the cell structures from the damaging effects of the active radicals. 

Sodium pentobarbitone (a narcotic derivative of barbituric acid) and heroin (syn- 
thetic alkaloid of the opium group — the hydrochloride of diacetylmorphine) belong 
to the class of substances the favourable action of which is due to a fall in the oxygen 
tension in the blood brought about by their depression of the activity of the respiratory 
centre [5, 6]. 

Although we were aware of the action of these compounds when used in whole 
body irradiation of animals, we nevertheless deemed it necessary to check on their 
effectiveness. 

Irradiation was performed either with a three-tube X-ray apparatus with a uniform 
field at 18 cm or with a RUP-1 X-ray apparatus run at 170-195 kV, 10-15 mA, 0-5 mm 
Cu-+0-75 mm Al. The dose rate was 50-62 r/min. The work was performed with male 
white mice aged from 2-3 months and weighing 22-26 g. The irradiated animals were 
observed for 30 days after exposure. 

The results of the tests carried out by us to determine the effectiveness as protectors 
of the test substances are given in Table |. 
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ae TABLE |. INFLUENCE OF CERTAIN CHEMICAL SUBSTANCES ON SURVIVAL RATE OF MICE OBSERVED FOR 30 
DAYS FOLLOWING WHOLE BODY IRRADIATION WITH 700 r 


Number of 


Administration of 
substance to animals survivors 
ber of 
Series Experimental Dose Time of 
No. conditions (mg injection imals Num- Series 
per g before iu % com-| R 
body irradiation Per pared | 
weight) (min) iment 
| Irradiation 175 | 2:96+1-26 
2 Glutathione + irradia- 
tion 080 3a 5-10 45 16 | 35:6+7:10 |2and1| 4-50 
3 Cysteamine + irradia- 
tion 0:35 3a 34 12 35-8-+8-:20 | 3 and 1) 3-91 
A 4 Sodium pentobarbitone 
+ irradiation 0-09 3a 15-20 28 9 3224881  4and1) 3-33 
5 Heroin + irradiation 0-075 3a «7-10 24 9 | 3754986 Sand 1) 3-48 
6 (s-aminoethylisothiuro- 


nium + irradiation 0-40 3a 5-10 78 56 | 71°8+5-09 6 and 13-2 


As Table 1 shows, subtoxic doses of glutathione, cysteamine, sodium pentobarbitone 
and heroin exerted a similar protective effect on the survival times of the animals while 
6-aminoethylisothiuronium was roughly twice as effective as the other compounds tested. 


In our experiments tumour growth was taken as the criterion of the effectiveness 
of the radiation action and of the influence of the protective substance on the Ehrlich 


ascites carcinoma cells. The experimental animals were irradiated on the sixth day a 
of tumour development. The radiation dose was selected by us after a preliminary study ; 
of the problem of the variation of dose delivered with volume of ascitic fluid. Table 2 S. 


shows that the dose of 2250 r selected by us produced a considerable but as a rule 
incomplete suppression of tumour growth. 


TABLE 2, DEVELOPMENT OF EHRLICH ASCITES CARCINOMA 
AS A FUNCTION OF RADIATION DOSE 


Average ascitic fluid 


Dose Number of animals 
volume 
(r) in experiment 
(ml) 

0 258 5-56 +-0-20 
500 12 3-42 +0°85 
1000 15 2-97 +.0-56 
1500 27 3-39 +-0°41 
2000 26 2-88 +0-55 
2250 149 1-20 +0-07 
2500 20 0-18 +0-05 
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The test substances were injected either directly into the ascitic fluid (i.e. intraperito- 
neally) or subcutaneously into the experimental mice before irradiation. The ascitic 
fluid was withdrawn from the irradiated animal 45-60 min after irradiation and stored 
for 1-1-5 hr in melting ice. At this stage a count was made (in a Goriayev chamber) 
of the number of tumour cells per mm3. The number of tumour cells determined was 
then injected intraperitoneally into healthy mice. The cell count of the inoculum 
in Our experiments was 20-30 10°. The volume of fluid inoculated (ascitic fluid 
alone or in the case of a large number of tumour cells ascitic fluid plus sterile saline) 
was 0:3 ml. On the seventh day after inoculation the animals were killed and the volume 
of ascitic fluid measured. This period was chosen by us on the basis of the findings 
of a number of workers [7, 8] who have established a direct proportionality between 
the increase in the volume of ascitic fluid and the number of free tumour cells during 
the period of active tumour growth. The same holds good in the development of the 
irradiated ascites carcinoma cells [9]. The results of the experiments on the influence 
of the protective substances on ascites carcinoma cells (for the different modes of 
administration) are given in Table 3. 

Table 3 shows that with intraperitoneal injection of glutathione, cysteamine, sodium 
pentobarbitone and heroin directly into the ascitic fluid there was a considerable increase 


TABLE 3. INFLUENCE OF PROTECTIVE SUBSTANCES ON EHRLICH ASCITES CARCINOMA CELLS WITH TOTAL-BODY 
IRRADIATION OF TUMOUR-BEARING ANIMALS AT A DOSE OF 2250 r 


Introduction of 
| Num- R = Mairi 
protective substance 
ber of ~ 
Average 
ani- 
volume 
conditions Mode of (mg — administra- mals ascitic Series 
admin- per g_ tion before fluid com- 
istration body irradiation per- pared 


weight) (min) iment 


Experimental Dose Time of 


Control without 
irradiation 
Irradiation 
Cysteamine Intraperi- 
irradiation toneal 
Cysteamine Subcut- 
irradiation aneous 
Sodium pentobarbi- Intraperi- 
tone + irradiation — toneal 0-09 
Sodium pentobarbi- | Subcut- 
tone + irradiation | aneous 0-09 
Heroin + irradiation  Intraperi- 
toneal 0-075 
Heroin irradiation Subcut- 
aneous 0-075 ‘ 1-40 + 0°55 
Glutathione Intraperi- 
irradiation toneal 


0:8 4734038 {2and9 95 
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in the ascitic volume as compared with that on irradiation without these substances. 
Taking into account the fact that injection of these substances into the non-irradiated 
ascitic fluid did not influence tumour growth (results of a series of experiments which 
we do not discuss here), it may be concluded that the substances in question exerted 
an undoubted protective effect when injected intraperitoneally. The four compounds 
were not effective when injected subcutaneously. 


The results thus allow one to speak of the cellular character of the protective action 
of the compounds tested. To check this conclusion we resorted to special experiments 
in which the ascites carcinoma cells were irradiated in vitro. 


The experimental conditions varied somewhat in this series from those in vivo. 
Some 30-40 min before irradiation the ascitic fluid was withdrawn from several mice, 
pooled and divided into four portions. The protective substance was added to one 
portion before irradiation whereas the second was irradiated without it. The two other 
portions to one of which the protective substance was added were not irradiated and 
served as controls. The ascites carcinoma cells were irradiated at a temperature of 
30-37°. Immediately after irradiation they were used to inoculate mice. The inoculation 
and subsequent details of the tests were similar to those in the in vivo series. Table 4 
gives the results on the protective action of glutathione, sodium pentobarbitone and 
heroin on the Erhlich ascites carcinoma cells irradiated in vitro. 


TABLE 4. INFLUENCE OF PROTECTIVE SUBSTANCES ON EHRLICH ASCITES CARCINOMA CELLS WITH IN VITRO 
IRRADIATION AT A DOSE OF 2250 r 


Administration of 


R= Maite: Mgitr 
protective substance 
Average 
Series | Experimenta! Dose Time of of animals volume 
No. | conditions (mg | injection | in ex- — a 
per g before periment fuid ared 
compare 
body | irradiation (ml) 
weight) (min) 
Control without 
| irradiation 21 4-87 +0:24 
2 | Irradiation - 17 2:52 +-0-46 
3 | Sodium pentobarbi- 
tone + irradiation | 0:18 3a 17-20 | 27 | 4:0340-22 | 2 and 3 | 2-95 
4 Heroin + irradiation | 0-15 3a 12-15 | 22 | 4354038 2and4), 3-07 
5 | Control without | | 
irradiation —- 2 | 4-08-£0:39 | 
6 | Irradiation 18 1-03 +0-27 
7 | Glutathione + irra- | | 
diation | 16 3a 5-10 | 25 | 2534033 | 6and7/| 3-48 


As can be seen from Table 4, glutathione, sodium pentobarbitone and heroin 
all afforded good protection of the Ehrlich carcinoma cells irradiated outside the mouse 
organism. 
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Thus, the results of the in vitro experiments fully confirmed the conclusion on 
the cellular basis of the action of the protective substances in question. 

The results obtained by us on the protective action exerted by glutathione and 
cysteamine on the ascites carcinoma cells showed good agreement and confirmed 
that the sulphur-containing substances act directly on the cell [10, 11]. The absence 
of a protective effect when the substances were injected subcutaneously may be 
explained by the fact that they either do not penetrate into the ascitic fluid within 
the time necessary for exerting the protective action or by the fact that they enter the 
ascitic fluid no longer in an active oxidized form. This may be the explanation of the 
findings contained in certain papers in which it is asserted that introduction of cystea- 
mine into patients with cancer results in a lowering of the radiation reaction without 
at the same time protecting the cancer cells themselves [12, 13]. 

In our experiments, both intraperitoneal and subcutaneous injection of sodium 
pentobarbitone resulted invariably in the animals falling into a deep and prolonged 
sleep. However, the protective action of this preparation on the cancer cells was only 
manifest when introduced directly into the ascitic fluid. A distinct protective action 
on irradiation of the ascites carcinoma cells in vitro was also produced by addition 
of sodium pentobarbitone. Hence, we may conclude that the depression of the activity 
of the respiratory centre observed in such narcosis, if it has any role at all to play in 
increasing radio resistance, is certainly not the sole mechanism by which drug exerts 
its protective action. Our findings give us grounds for speaking of the cellular basis 
of the protective action of this substance but the mechanism by which it exerts its action 
is still not clear. It may be supposed that the action is not merely a matter of the trap- 
ping of active radicals or of decreasing the oxygen tension. The fact that there are 
no readily-oxidizable groupings in the sodium pentobarbitone molecule is in agreement 
with this conclusion. It may, therefore, rather be assumed that the protective action 
of sodium pentobarbitone is brought about either by its participation in the intracellular 
metabolic processes or as a result of the formation of complexes with proteins or 
nucleoproteins. This latter supposition is in agreement with the indications in the litera- 
ture to the effect that certain narcotic substances of the barbiturate group (to which 
sodium pentobarbitone belongs) may reduce the damage due to radiation by trapping 
energy [14]. 

Heroin was the second substance, the protective action of which is usually associated 
with depression of the respiratory centre. Tables 3 and 4 illustrate the fact that the 
protective effect of heroin as with sodium pentobarbitone was by direct action on the 
Ehrlich ascites carcinoma cells irradiated both in vivo and in vitro. The fact that sub- 
cutaneous injection of heroin (as in the case of sodium pentobarbitone) proved inef- 
fective suggests that the reduced oxygen tension in the blood produced by depression 
of the respiratory centre is of little importance in the protection of these cells. However, 
for other types of cells, in addition to the direct action of these compounds, we cannot 
rule out the possibility of a mediated protective action. Finally, from the chemical 
structure of the heroin molecule it may be assumed that it may reduce the oxygen 
tension in the irradiated tissues and thereby the number of active radicals formed. 
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Special attention was focused on the influence of 8-aminoethylisothiuronium on 
tumour cells. As is known, $-aminoethylisothiuronium, Br.HBr. is one of the most 
effective protective substances known [15]. The presence in the structure of this com- 
pound of the isothiuronium group ensures its atmospheric stability (in contrast to 
the readily-oxidizable sulphydryl compounds) and makes possible its introduction 
not only by the intravenous and subcutaneous routes but also by mouth [3]. It has 
been demonstrated that the high efficacy of 6-aminoethylisothiuronium is brought 
about by the conversion of the isothiuronium into the sulphydryl grouping and the 
amino into the guanidine group [15]. The conversion of the substance from the inactive 
into the active form can be brought about only in a neutral or alkaline pH. Since, 
according to the findings available [16], the pH of cancer cells lies in the region of 
5-8-6°8 and that of normal tissues varies from 6-9 to 7-4 (in our experiments the pH 
of the ascitic fluid containing the suspended cells varied from 6-30 to 6-50), it may be 
assumed that on injection of 8-aminoethylisothiuronium directly into the ascitic fluid 
the inactive will not be converted into the active form and that the compound will 
not therefore exert a protective action on the ascites carcinoma cells. 

The results obtained fully confirmed this assumption. As Table 5 shows, $-amino- 
ethylisothiuronium differed in its protective properties from all the other substance 
investigated and exerted no protective action on ascites carcinoma cells whatever its 
mode of injection. 


TABLE 5. INFLUENCE OF {3-AMINOETHYLISOTHIURONIUM OF EHRLICH ASCITES CARCINOMA CELLS WITH 
VARIOUS MODES OF ADMINISTRATION IN MICE IRRADIATED WITH 2250 r 


Administration of 
protective substance 
| | Number Average 
Experimental Dose | Time of |ofanimals) 
conditions (mg | injection io | = 
per g before periment fluid 
body | irradiation | (ml) 
weight) (min) 


R= Mgitr 


Controls without irradiation | 3-6+0-23 
Irradiation 0-50+0-08 
8-aminoethylisothiuronium 

(intraperitoneal injection) © 

+ irradiation 0-4 3a 5-10 105 +0-76+0-09 3and2 2-09 
8-aminoethylisothiuronium | 

(subcutaneous) + irradiation| 0-4 3a 5-10 | 61 | 0-48+0-08 


Our experiments thus confirm the hypothesis [15] of a chemical mechanism in the 
protective action of $-aminoethylisothiuronium. 

In addition, the findings indicating the absence of a protective action on the cells 
of the Ehrlich carcinoma, at the same time as $-aminoethylisothiuronium affords 
good protection of the animal in total-body irradiation, give grounds for considering 
this compound to be of promise in clinical work with X-ray therapy. 
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CONCLUSIONS 


The following main conclusions may be drawn from the results obtained. 
(1) The protective action of the various chemical substances tested, including the 


narcotics, is achieved through direct protection of the irradiated cells. 


(2) The high efficacy of the protective action of 8-aminoethylisothiuronium, Br.HBr 


during whole body irradiation and the fact that there is no protective effect on cancer 
cells (Ehrlich ascites carcinoma) may be of great interest with a view to use of this 
preparation in the X-ray therapy of patients with cancer. 


Finally, the author would like to express his gratitude to N. I. Shapiro who directed 


the work and to V. M. Fedoseyev for kindly placing at our disposal a sample of the 
8-aminoethylisothiuronium, Br.HBr synthesized by him. 


Translated by A. Crozy 
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ACTION OF X-RAYS ON THE PLACENTAL BARRIER AT 
DIFFERENT STAGES OF PREGNANCY * 


MECHANISMS OF ACTION OF X-RADIATION ON THE TRANSFER OF 
°2P THROUGH THE PLACENTAL BARRIER FROM MOTHER TO FOETUS 


L. D. LUK’IANOVA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


(Received 10 June 1958) 


AN understanding of the mechanisms of action of penetrating radiations requires 
a detailed study of the generalized and local reactions of the body including the irradiat- 
ion-induced changes in the permeability of the blood-tissue barriers of the body. 
The use of radioactive isotopes has opened up new possibilities in the study of these 
problems. A special place in the study of blood-tissue barriers is occupied by the 
placental barrier, the bond between the maternal and foetal organisms. A number 
of investigators have earlier directed their efforts towards elucidating the exchange 
of various substances (in particular phosphorus) between mother and foetus and the 
role of the placenta in this exchange [1-3]. However, the problems of the influence 
of penetrating radiations on the state of the placental barrier and on the exchange 
between mother and foetus have remained outside the scope of these investigations. 

In an earlier paper [5] we showed that retention of phosphorus by the foetal tissues 
and placenta is sharply reduced within 2 hr following irradiation of pregnant rabbits 
with a dose of 1000 r. At the same time there is a fall in the amount of 32P transferred 
to the foetus across unit weight of placenta per unit time. The changes in early pregnancy 
are marked to a higher degree than near term. 

These results do not agree with the conclusions which have been drawn over the 
past 15-20 years on the influence of X-irradiation on the permeability of blood-tissue 
barriers. In all these investigations increased permeability of the barriers to the various 
introduced into the animal body has been noted (Mogil’nitskii, Podliashchuk, Brumsh- 
tein, Kiselev, etc.). Such changes have been observed also in relation to 32P [4]. 
Irradiation of rats with a dose of 800 r produced increased permeability to 32P of the 
blood-tissue barriers of the liver and muscles after a few minutes and of the blood- 
brain barrier 45 min after irradiation. The permeability of these barriers declined at 
much later stages, some 48-72 hr after irradiation and before the death of the majority 


of the animals. 


* Biofizika 4: No. 5, 574-581, 1959. 
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In this connexion an attempt was made in the present work to study the mechanism 
of the changes observed in transfer of phosphorus from mother to foetus after irradiation 
and thereby to resolve this contradication. 


Influence of X-rays on transfer of 32P to foetus and placenta 


The investigations were carried out on the haemochorial type of placenta in rabbits 
and guinea-pigs. The pregnant rabbits were irradiated by a RUP-1 apparatus with 
the following factors: 180 kV, filter 0-75 mm Al+0-5 mm Cu, at a dose of 850-1000 r 
and a dose rate of 8-6-9-6 r/min. As an indicator, 32P was used in the form of NazH32PO, 
injected into the blood stream immediately after irradiation at the rate of 15 uc per kg 
body weight. The maternal peritoneal wall was opened under local anaesthesia and 
the foetuses extracted 1, 5, 15, 30, 45, 60 and 120 min after the irradiation and sub- 
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Fic. 1. Content of 32P: I, in the foetus, II, inmaternal placenta, III, in the foetal placenta of pregnant 
rabbits on (a) 15th (b) 20th (c) 29th day pregnacy (% radioactivity in the blood of the mother.). Abscissa: 
time after irradiation; continuous line: non-irradiated animals; broken line: irradiated animals. 


sequent injection of 32P. Samples of maternal and foetal blood, a foetal tissue homo- 
genate and homogenates of the maternal and foetal placenta were investigated. The 
radioactivity of both foetal tissues and blood was expressed as a percentage of the 
radioactivity of the maternal blood withdrawn simultaneously. The tests were made 
at various stages of pregnancy (15, 20 and 29 days). The non-irradiated controls were 
investigated at the corresponding stages of pregnancy in like manner to the test animals 
at the same times after injection of 32P. This series of tests was carried out on 265 
foetuses from 58 mothers. 

The pregnant guinea-pigs were irradiated with a dose of 600 r and 32P was injected 
subcutaneously at the rate of 15 uc per animal. The irradiation was run under the same 


pis 


70 
/ A 
a b c 
150) 
Z 
iS 30 45 60 %20 4 60 % 45 60 120 (min) 
7 le 
a b c 
250 
1 
3 
| 


Action of X-rays on the state of the placental barrier 71 


conditions as in the last experimental series and the dose rate was 20 r/min. The perito- 
neal wall was opened and the foetuses removed 2 hr after irradiation and subsequent 
introduction of 32P. The same tissues were taken for examination as for the rabbits. 
The experiments were carried out on 40 foetuses taken from 13 mothers. 

As is shown by Fig. 1, irradiation (850-1000 r) of pregnant rabbits suppressed 
incorporation of 32P into all the tissues investigated. These changes had already set 
in within the first hour after irradiation and had considerably increased by the second 
hour. The most marked shifts were found in the foetal placental tissue in the first 
two-thirds of the period of pregnancy. The content of 32P in the tissues of the maternal 
placenta and foetus also fell, being most marked after irradiation on the fifteenth to 
twentieth day of pregnancy. At term (29 days) irradiation induced relatively fewer 
changes in the uptake of 32P by the tissues (no significant deviations were noted at 
this time between the figures for the maternal placentas of controls and irradiated 
animals). Thus, the most pronounced disturbances produced by irradiation in the 
exchange of 32P between mother and foetus were detected in the early stages of 
pregnancy. 

If we compare the uptake of 32P by the tissues of the maternal and foetal portions 
of the placenta respectively in normal and irradiated animals we see that: (1) in the 
non-irradiated animals the 32P content of the foetal placenta remained at a very high 
level during the entire period of pregnancy, whereas it dropped sharply in the maternal 
placenta towards the end of pregnancy; and (2) the changes which occurred in the 
retention of 32P in the fetal placenta after irradiation were more pronounced than 
for the maternal placenta. All of which was obviously the result of the differing functio- 
nal states of the two parts of the placenta. It is known that the foetal placenta is in 
a state of active growth and development right up to the end of pregnancy, whereas 
degenerative processes set in the maternal placenta from the 20th day. There 
is apparently a connexion between this and the reduced uptake of 32P by the maternal 
placenta and the weaker influence exerted on it by X-irradiation. 

At the same time, irradiation also reduced the amount of 32P entering the foetus 
per unit time across unit weight of placental tissue (Table 1). We also found that the 
tendency noted above for irradiation to have a reduced effect was true also for transfer 
of 32P to the foetus at term. 


TABLE 1. INFLUENCE OF X-RAYS (1000 r) ON TRANSFER OF 32P ACROSS UNIT WEIGHT 
OF PLACENTA PER UNIT TIME TO RABBIT FOETUS 


Stages of pregnancy (days) 


Animals |———— 
s | | 8S | 
Non-irradiated 19+1-3 145+8-7 | 688 +43 1485 +58 
Irradiated 46+0°67 52446 | 2354115) 748451 


Significant differences were observed in all the experiments between the individual 
radiosensitivity of the animals (the coefficient of variation for the uptake of 32P was 
considerably higher for all the tissues investigated after irradiation). 
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The experiments on pregnant guinea-pigs also showed that uptake of 32P by the 
foetal and placental tissues and also the amount of 32P transferred to the foetus across 
unit weight of placental tissue per unit time fell after X-irradiation (600 r) (Table 2). 


TABLE 2. INFLUENCE OF X-RAYS (600 r) ON UPTAKE OF 32P BY FOETAL AND PLACENTAL TISSUES 
OF GUINEA-PIG 


Amount of 32P 
32P content of | 32P content of 32P content of transferred to foetus 
foetal tissue tissues of tissues of across unit weight 
homogenate foetal placenta maternal placenta placenta per unit 

time 
Cc R 


Stage of 
pregnancy 
(days) 


15-25 303 183 170 
35-45 128 36 209 84 680 | 
55-65 189 56 148 119 | 1700 | 


32P content expressed as percentage of radioactivity of maternal blood withdrawn simultaneously 
(C = control, R = irradiated animals). 


Table 2 shows that, in the guinea-pig tissues investigated, the most marked changes 
in uptake of 32P were observed in the first half of pregnancy (15-25 and 35-45 days). 
At the end of pregnancy these changes were far fewer. Thus, irradiation caused the 
‘2P content of the tissues of the foetal placenta to fall from 2-4 times (15-25 days) 
to 3-5 times (35-45 days) with only a two-fold decrease at term. The changes were even 
more marked on analysing the amount of 32P transferred to the foetus per unit weight 
of placental tissue per unit time. After irradiation with a lethal dose of X-rays transfer 
of 32P to the foetus was reduced in early pregnancy by some 3-8 times (15-25 days) 
and at the end of pregnancy by only 2-6 times (55-65 days). 

Similar changes were thus seen to occur in the exchange of phosphorus between 
mother and foetus under the influence of penetrating radiations in both rabbits and 
foetal guinea-pigs. 


Influence of X-rays on exchange of phosphorus compounds between placental and 
tissues 


The complex organic compounds containing phosphorus to which belong the nucleic 
acids and which take a direct part in the division of nuclei and cells are the most 
important components of living cells and tissues. From numerous sources it is known 
that irradiation even at comparatively low doses produces distinct disturbances in 
nucleic acid metabolism in both the nuclear and cytoplasmatic nucleoprotein systems. 
Bearing in mind that the most radiosensitive are the rapidly-growing (embryonic, 
regenerating, malignant) tissues and that cell growth and division is indissolubly linked 
primarily with nucleoprotein and nucleic acid synthesis, many investigators see the 
damage to these biologically important substances or to the enzyme systems catalysing 
their formation as one of the most important causes of the disturbances in metabolic 
processes in radiation injury. 
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In view of the above remarks, it seemed to us essential to investigate the effects 
of ionizing radiations on the metabolism of phosphorus compounds in the rapidly- 
growing tissues of the placenta and foetus, which might also possibly shed light on 
the mechanisms of the changes observed by us. To this end we studied the influence 
of X-irradiation on the incorporation of 32P into the inorganic and acid-insoluble 
phosphorus fractions of the placenta and foetus. 

This experimental series was carried out on rabbits (15 days pregnant) which were 
injected intravenously with 32P at the rate of 15 uc per kg body weight immediately 
after irradiation and 2 hr before extraction of the foetus and placenta. The method 
of extraction has been described for the earlier series of experiments. The foetal and 
maternal placentas and also the foetus were carefully minced in ice, and 150-200 mg 
aliquots taken of the tissue homogenates. At the same times samples of the maternal 
blood were withdrawn. 


TABLE 3. INFLUENCE OF X-RAYS (1000 r) ON METABOLISM OF PHOSPHORUS COMPOUNDS IN RABBIT FOETAL 
AND PLACENTAL TISSUES 


Tissues investigated 
fractions Foetus Maternal placenta | Foetal placenta 


Amount of 3!P (mg %) 
S.a. of 31P (amount of 32P in counts | 
per mg 3!P) 3219 4649 3302 | 8569 4240 10,882 


s.a. 31P tissues 


R.s.a. 0-141 0-218! 0-147 0-437. 0-190 | 
s.a. 31P maternal blood 


Amount of acid-insoluble phos- 
porus (mg %) 78 ; 55 52 
S.a. of acid-insoluble phosphorus 
fraction (amount of 32P in counts | 
per mg acid-insoluble phosphorus) | 1500 298 | 2393 


s.a. of acid-insoluble frac- | 
tion of tissues | 


s.a. 31P of the same tissues | 


= 


C = Control R = Irradiated animal. 


The 3!P content was determined by the method of Fiske and Subarrow. The 
inorganic phosphorus was determined in the trichloracetic filtrate and the acid-insoluble 
phosphorus in the residue after precipitating the proteins with trichloracetic acid. 

The phosphorus of all the fractions was isolated in the form of MgNH4PO4. The 
precipitate was dried and dissolved in 1 N HCl and the 32P content was determined 
after drying 0-1 ml of the solution on a metal disk. The content of 3!P was determined 
on another identical volume of solution. Colorimetry was carried out in an electro- 
photocolorimeter. The specific activity (s.a.) of the given fraction was expressed as 
the amount of 32P (in counts) per mg 3!P. The ratio of the s.a. of the inorganic phos- 
phorus fraction of this tissue to the s.a. of the 31P of the maternal blood served as 
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an indicator of the relative specific activity (r.s.a.) for the given fraction and as the 
criterion of permeability [4]. The ratio of the s.a. of the acid-insoluble phosphorus 
fraction of the tissue to that of 5!P in the same tissue was the criterion of the incorpora- 
tion of 32P into the higher molecular compounds of the tissue, i.e. the criterion of the 
level of the metabolic processes. 

Table 3 shows that both the s.a. of the acid-insoluble phosphorus the test tissues 
and the ratio of the s.a. of the acid-insoluble phosphorus fraction to the s.a. of the 
31P of these same tissues had already undergone a steep fall within 2 hr after X-irradiation 
of the animals, which indicates depression of the rate of incorporation of 32P into 
the acid-insoluble phosphorus fraction, i.e. depression of the processes of synthesis. 

In addition, there was a considerable increase at the same time in the s.a. of 3!P 
in the tissues of the foetal and maternal placenta and in the foetal tissue homogenates, 
which obviously occurred through reduced incorporation of phosphorus into the 
high molecular compounds. 

An analysis of the ratios of the s.a. of 3!P in the tissues of the placenta and foetus 
to that of 3!P in the maternal blood showed that the permeability of these tissues to 
32P had increased somewhat due to irradiation. 


Influence of X-irradiation on the hyaluronidase-hyaluronic acid system in the placenta 


In recent times an increasing number of investigators have adopted the view that 
the mechanism of change in the permeability of tissue membranes due to irradiation 
is, based on destruction of one of the components of the intracellular matter — hyaluronic 
acid. In this process both enzymatic breakdown of the hyaluronic acid (by hyaluroni- 
dase) and direct depolymerization of this compound occur [6]. It has been established 
that X-irradiation intensifies the enzymatic breakdown of the intracellular matter 
through increased liberation of active hyaluronidase from the tissues and cells 
(Shekhonin, Gol’dbyerg). 

Hyaluronic acid makes an early appearance in the embryonic period forming 
part of the ground substance (Zavarzin) and takes part in the building of many types 
of membrane and intercellular structure of the animal and thus forms an integral 
part of the morphological formations. A considerable amount of it is contained within 
the placenta. In addition, there are indications [7] that hyaluronidase is present in 
the human placenta breaking down the hyaluronic acid. It has been established that 
its activity develops as pregnancy progresses, which may explain the increasing permea- 
bility of the placental barrier. This latter possibility has an obvious connexion with 
the growing requirements of the developing foetus for nutrient substances. In this 
respect, it was of interest to ascertain the influence of radiant energy on the hyaluroni- 
dase-hyaluronic acid system of the placental tissue and whether the changes which 
occur in the transfer of phosphorus from mother to foetus are connected with changes 
in this system. 

This series of tests was carried out on 15-29 day pregnant rabbits. The activity 
of the hyaluronidase content of the placental tissues was determined by the method 
of McKline, modified by Smirnova and Chistovich. The criterion of the activity of 
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TABLE 4. HYALURONIDASE CONTENT IN PLACENTAS OF IRRADIATED AND NON-IRRADIATED PREGNANT 
RABBITS 


Number of | Number of 
days rabbits 
pregnant investigated 


| Hyaluroni- | Hyaluroni- 
Experimental dase content | dase content | 
Remarks 
conditions of foetal | of maternal | 


placenta placenta 


| The viscosity of the sub- 
strate was determined in 
a parallel test. No hyalu- 

| ronidase found 
Irradiation | In two experiments viscosi- 
Controls ty of substrate determi- 
ned: hyaluronidase not 

found 

| Controls + : | Viscosity of substrate mea- 
_ Irradiation - sured in all three tests: 
| hyaluronidase not found 


15 Controls 


the hyaluronidase was the dose preventing the clotting of mucin in the substrate. The 
results were checked in a number of parallel tests in which the viscosity of the test 
substrate was determined by viscometry. As will be seen from Table 4, only traces 
of hyaluronidase were found in two non-irradiated animals at the end of pregnancy 
(29 days). In all the other tests it was found neither for the controls nor after irradiation. 


DISCUSSION OF RESULTS 


Our findings show that within only 2 hr after irradiation very substantial changes 
were noted in the exchange of phosphorus between the maternal and foetal organisms 
These changes took the form of decreased uptake of 32P by the foetus and placental 
tissues. It is possible that they were dependent both on the disturbed permeability 
of the placental tissue separating the maternal circulation from that of the foetus and 
also on the disturbances in the synthesis of complex compounds of phosphorus in 
these tissues. It is quite possible that both these processes occur at one and the same 
time. From the findings of a number of workers [4] the permeability of blood-—tissue 
barriers to 32P already shows an increase 45-120 min after irradiation. This process 
is distinctly manifest both on determination of the absolute radioactivity of the these 
tissues and on measurement of the ratio of the specific activity of the inorganic phos- 
phorus fraction of the tissues to that of the animal blood. 

It follows from our experiments that within only 2 hr after irradiation a certain 
increase occurs in the ratio of the specific activity of the inorganic phosphorus of the 
placental (foetal and maternal) and of the foetal tissues to that of the maternal blood. 
This in turn indicates increased transfer of inorganic phosphorus from the maternal 
blood to the placenta and foetus and a certain increase in the overall permeability 
of the placental barrier. The latter is, however, not consistent with the decrease in 
absolute radioactivity of the test tissues noted above. 
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The phenomena observed are much more readily understandable after a study 
of the incorporation of the radioactive isotope 32P into the high molecular compounds 
of the tissues. The sharp fall in the ratio of the specific activity of the acid-insoluble 
phosphorus fraction of the placental and foetal tissues to that of the inorganic phos- 
phorus of the same tissues after irradiation indicates a fall in the general level of the 
metabolic processes which has already started within 2 hr of irradiation. For the interval 
of time investigated the depression in the synthetic processes which is connected with 
the lower incorporation of 32P into the high molecular compounds, apparently 
exercises a decisive influence on the overall 32P content of the test tissues and obscures 
the results of the increasing permeability of the placental tissues. 

The absence of hyaluronidase from the placental tissues at various stages of 
pregnancy both in the non-irradiated and irradiated animals suggests that the changed 
permeability of the placental barrier in the time interval investigated is apparently 
unconnected with changes in the activity of this enzyme. 

Thus, it follows from the findings presented that the decreased transfer of 32P 
from mother to foetus after X-irradiation is associated not with a decrease in the 
permeability of the placental barrier but is dependent on the disturbance in the synthesis 
of high molecular compounds in the placenta and foetus. 

The investigations confirm that the changes brought about by ionizing radiations 
in the placental tissues and foetus have the same course in animals of different species. 


SUMMARY 


(1) A single whole body irradiation of pregnant animals with a lethal dose of 
X-rays (rabbits with 850-1000 r and guinea-pigs 600 r) depressed the uptake of 32P 
by both placental tissues and foetus. 

(2) X-irradiation sharply depressed incorporation of 32P into the high molecular 
phosphorus compounds of the placental and foetal tissues. 

(3) X-irradiation increased the permeability of the placental barrier. 

(4) The fall in the total radioactivity of the placental and foetal tissues after irradia- 
tion together with increased permeability of the placenta to 32P was seen within 2 hr 
of the action of penetrating radiations and is to be explained by the sharp decline in 
the synthesis of high molecular phosphorus compounds. 

(5) The modified permeability of the placental barrier due to irradiation was 
apparently unrelated to changes in the activity of the enzyme hyaluronidase in the 
placenta. 

(6) The most profound disturbances in the exchange of 32P between mother and 
foetus following irradiation were manifest in the first half of pregnancy. 
Translated by A. Crozy 
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PERIODICITY IN THE EXCHANGE OF HYDROGEN 
BETWEEN ORGANIC STRUCTURES AND 
WATER OF THE ORGANISM * 


K. M. BoGDANOv, M.I. SHAL’Nov and Iu. M. SHTUKKENBERG 
(Received 15 December 1958) 


IN a previous paper [1] we described regularities in the exchange of tritium between 
the water phase of the organism and structural elements of organs and tissues. Further 
studies have shown that these regularities are observed only to a first approximation. 
In order to make a more detailed study of tritium exchange, two series of experiments 
extending over 16-36 days were carried out on 160 male rats. After tracer doses of 
tritium oxide had been administered to the rats, three were killed each day and their 
main organs and tissues (blood, liver, brain, spleen, kidneys, lungs, skin, heart, small 
intestine, large intestine, sex glands, muscle tissue, bone) and also excreta (faeces and 
urine) were examined. In the experiments the specific activity of the water in organs 
and tissues was measured, and also the activity of the water obtained by complete 
oxidation of the hydrogen in the dry residue of the organs, and the excreted water. 

The rat experiments showed that periodic changes occurred in the water activity 
in various organs and tissues and also in the dry muscle residue (Fig. 1); these changes 
were observed against a background of steady decline in the activity of the body water 
phase. 

The activity of the body water phase fell according to a law described by the sum 
of two exponential functions, and when allowance was made for this steady fall, 
a curve showing undamped oscillations in activity with time was obtained. The period 
of these oscillations was 4-6 days, and the amplitude reached 35-40 per cent of the 
mean activity (Fig. 2, /). 

Measurements of specific activity showed that in the dry residues of all organs 
and tissues an oscillation in activity was observed with the same period as the oscillation 
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Fic. 1. Change in specific activity in aqueous phase (/) and in the dry residue (2) 
of rats with time. 
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Fic. 2. | —changes in the specific activity of the body water of white rats; 2 — 
periodicity in the mortality of white mice after total irradiation of short duration 
with single 2000 r doses. 
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for the body water but opposite in phase: the maximum specific activity of the water 
from organs and tissues corresponded to the minimum for the dry residues (Fig. 1, 2). 
Numerous observations showed that the maxima in the specific activity of the water 
phase occur on days 3-4, 8-9, 14-15, 19, 24 and 29 (Fig. 2, /). 

Apart from the oscillations in activity with a period of 4-6 days, each showed oscilla- 
tions with a period of 6 hr (Fig. 3). In order to study the daily oscillations in hydrogen 


Kidneys 
Muscles 
Skin 
Spleen 
Liver 


2 4 6 86 W 18 20 2 


Fic. 3. Daily variation in specific activity in body water of white rats. 


exchange, experiments were carried out on 18 male rats, three being killed 1, 3, 6, 
12, 18 and 24 hr after administration of the tracer doses of tritium oxide. 


It may be supposed that the periodic oscillations noted in the tritium activity of 
the body-water phase and the dry residue has its origin in chemical reactions between 
structural elements of organs and tissues and body water. It is interesting to note 
that in 1953 Belousov studied a quasi-periodic reaction occurring in a solution of organic 
compounds which undergoes damping because of a reduction in the concentration 
of the starting reagents. 

Since the hydrogen content of water is constant, the oscillations in the activity 
of tritium cannot be due to changes in the hydrogen content of the water. Consequently 
it must be supposed that undamped periodic exchange reactions occur in the body, 
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displaced in time in relation to one another, and from the moment of administration 
the tritium marker enters into a definite cycle, which it then follows. The constancy 
of the atomic composition of structural elements of organs and tissues, and particularly 
of their hydrogen content, is maintained by mobile equilibrium between the water 
and the structural elements. In this sense the exchange of hydrogen atoms between 
the water and the organic structures of the body is a continuous chain of periodic 
reactions, displaced in time. Since tritium is one of the links in this chain, it can be 
used to follow the rate at which hydrogen atoms are exchanged between the water and 
the organic structures. 

The oscillations in activity due to chemical reactions of proteins and fats were 
studied by separating the dry residue into fatty and defatted fractions and measuring 
the specific activities of these fractions. Figure 4 gives the curve for the change in 
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Fic. 4. Periodical variation in the activity of the fat fraction from the dry matter of white mice. 


activity of the fat fraction; minima occurred on the third and sixth to seventh days. 
The variations in the specific activity of the proteins were also noted. The activity 
curves for the oscillations in the whole dry residue are made up of the sums of the 
corresponding curves for the body fats and proteins. 

The establishment of the relationships governing the oscillations in tritium activity 
of water and organic structures have acquired great importance, because these have 
been found to be connected with the alternating course of radiation sickness. The 
wave-form course of reactions in the animal and human body is considered by some 
authors to be one of the specific features of radiation sickness. Periodicity in the 
course of the pathological process after a single exposure to radiation has been de- 
monstrated in many clinical and pathological observations [2-7]. Some authors, 
using survival as a principal criterion, have pointed out that with the action of fatal 
doses of radiation the maximum mortality for different species of animals falls on 
a strictly determined day. What are called “mortality waves” are observed with X-ray 
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and y-ray irradiation, and also with local, total or surface irradiation by (-particles. 
The alternating mortality rates for various animals (mice, rats, pigs, monkeys) under 
total irradiation has been demonstrated by Luchnik [8]. The most pronounced mortality 
peaks have been obtained by Chernyshov using short irradiations (fractions of a second) 
of mice with X-rays in doses of 2000 r (Fig. 2, curve 2). It follows from Fig. 2 that 
the maximum mortality (is observed on the following days: 3-4, 8-9, 14, 19, 29. 
Statistical treatment of Darenskaia’s results, obtained by irradiating rats with lethal 
doses of 800 r shows that mortality maxima occur on the fourth seventh to nineth 
and fourteenth days (Fig. 5, curve 2). The same mortality waves were observed following 
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Fic. 5. / — Changes in the specific activity in body water of white rats; 2 — perio- 
dicity in the mortality of white rats after total irradiation with a single 800 r dose. 


local irradiation of the head with 2000 r doses. When part of the thoracic cavity was 
irradiated with 1000 r doses, the maxima were observed on the fifteenth, twenty-third, 
twenty- nineth and thirty-third days, the first signs of radiation sickness becoming 
evident on the seventh to eighth day and a serious worsening on the fourteenth day. 
When part of the lower region of the stomach was irradiated, the “mortality waves” 
were observed on the sixth to nineth, thirteenth to fourteenth, nineteenth to twenty- 
second, and twenty-eighth to twenty-nineth days. Experiments of Koznova and 


‘ 
60 | 
Wri 7! \ \ 1 
2 
\ 
30 
40 
\ 
! \ 
4 
QO123456789 
hog 


8? K. M. ef al. 


Shapiro showed that repeated irradiation produced the greatest biological effect when 
it was applied at intervals corresponding to the “mortality waves”, the intervals being 
measured from the moment of the first irradiation (thirteenth to fifteenth and nineteenth 
days). 

In Vannikov's experiments on dogs irradiated with 800 r doses, a sharp worsening 
in condition was observed on the third to fourth and on the nineth days (weight, 
appetite, stools, blood pressure, general condition). The development and disappearance 
of haemorrhages were also noted to be periodic. Protasova studied the effect of single 
whole body X-ray irradiation in doses of 600, 650 and 700 r on the gaseous exchange 
in white rats and found a marked reduction on the nineth and thirty sixth days after 
irradiation. [lina noted a reduction in the gaseous exchange in guinea-pigs irradiated 
with 3000r doses for 2-3 and 6-7 days. 

From the experimental results it follows that in all cases the “fateful” intervals 
in the course of radiation sickness are at days 3-4, 7-9, 13-15, 17-19, 23-24, 27-29 
and 33-35. These intervals of aggravation in the course of radiation sickness coincide 
with the periodic oscillations in tritium activity in the aqueous phase of the body. 
In these periods maxima occur in the specific activity of the body water and minima 
in the specific activity of the dry residue. Such good agreement between a large number 
of results cannot be regarded as accidental, and indicates a connexion between the 
periodic aggravation in the course of radiation sickness and the cyclic nature of tritium 
exchange between the liquid phase of the organism and structural elements of organs 
and tissues. The periodicity is obviously connected with the fact that the exchange 
of products formed in the body during irradiation, that have toxic properties or promote 
the development of toxic compounds, proceeds with the same periodicity. 


A single injection of tritium and a single irradiation of the animal may be regarded 
as two different methods of introducing new compounds into the body; in the first 
case this compound is tritium oxide, which simulates water, and in the second case 
new compounds are formed in the body by the action of radiation. These compounds 
can be included in the same cycles as the tritium marker, and the extent to which 
they are distributed can be judged from the onset of aggravation in the radiation sickness. 
It may be that the aggravation in the radiation sickness coincides with the exit of toxic 
product from the structural compounds into the aqueous stream where they become 
more effective. By analogy with the tritium exchange it may be supposed that these 
toxic compounds enter the aqueous phase from fats and protein structures. 


With external irradiation, the maxima in tritium activity in the aqueous phase develop 
at the same times. This indicates that the cyclic exchange processes have the same 
periods in both the normal and the irradiated body. The increase in the amplitude 
of the oscillations in activity of the aqueous phase of the structural elements with 
an increase dose suggests an increase in the exit of toxic compounds from the organic 
structures into the water system. This explains why increase in the dose of external 
radiation does not displace the mortality peak but increases the proportion of animals 
dying in the earlier periods, corresponding to the times of the first mortality peaks. 
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The survival of animals subjected to small doses of radiation is evidently related 
to the fact the concentration of toxic compounds is not high enough to produce 
a fatal outcome. It may be supposed that, with large doses of radiation, the rate of 
entry of toxic compounds into the aqueous phase of the organism increases, and 
their rates of excretion and inactivation are insufficient to reduce the concentration 
to a non-fatal level. 

From the results presented here, the conclusion must be drawn that in the develop- 
ment of radiation effects a substantial part is played by the periodicity in the exchange 
of compounds in the body, and especially periodicity in the exchange between organic 
structures and body water. 


SUMMARY 

(1) Periodic processes in the exchange of hydrogen between body water and organic 
structures have been observed and studied in rats. These processes reflect a periodicity 
in the exchange of compounds in the body. 

(2) It has been shown that maxima in the activity of water-phase tritium correspond 
to minima in the activity of the dry residue. The oscillation period is 4-6 days, and 
the amplitude reaches 35-40 per cent of the mean activity. 

(3) It has been shown that there is a connexion between oscillations in tritium 
activity in the body and the periodic aggravations that occur in the course of radiation 
sickness. The aggravation periods, and in particular the mortality peaks, correspond 
to the maxima in tritium activity. 


(4) It is suggested that this coincidence occurs because toxic compounds are produced 
in the organic structures by irradiation; these have a harmful effect when they pass 
into the water phase and undergo exchange with the same periodicity as hydrogen. 


Translated by E. Hayes 
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METHODS AND APPARATUS 


REPRODUCTION OF ELECTROCARDIOGRAMS 
BY MEANS OF AN ELECTRONIC MODEL * 


I. T. AKULINICHEYV, YE. B. BABskul, G. G. GEL’SHTEIN, G. M. GEL’SHTEIN, G. M. PETROV, 
A. I. SKACHKOVA, N. I. Urter and V. B. USHAKOv 
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Surgery, U.S.S.R. Academy of Medical Sciences; and Laboratory of Clinical Physiology, Institute 
of Normal and Pathological Physiology, U.S.S.R. Academy of Medical Sciences, Moscow 


(Received 18 October 1958) 


IN a previous communication [1] a description was given of an electronic apparatus 
intended for simulating electrocardiograms (e.c.g.’s). The principle underlying the 
construction of this apparatus is the theory which attributes the form of the e.c.g. 
to summation of monophasic potentials arising in both auricles and in both ventricles. 
In the present communication we outline the first results achieved in work with this 
device. 

The tests with the apparatus as designed were intended (1) to verify whether or 
not it was possible to obtain a normal e.c.g. in the standard leads; (2) to ascertain 
whether it was possible to reproduce the principal pathological changes in the form 
of the e.c.g. encountered in clinical practice; and (3) to simulate the various disturbances 
of rhythms and conduction of excitation in the heart. 

To reproduce the normal e.c.g. the frequency of the generator of “nomotopic” 
pulses was set at 60/min, fp 0-1 sec, tpg 0-15 sec; angle of electrical axis of the heart 

< ORS+60°, angle T+-60°. Two monophasic curves for the left and right auricles 
were picked up at the unit simulating the auricles (Fig. 1 a); the ventricular monophasic 
curves were recorded from the units simulating the left and right ventricles, the initial 
rise of the monophasic curve for the right ventricle being 0-02 sec in advance of that 
for the left ventricle (Fig. 1 6). Summation of these monophasic variations gave curves 
(Fig. 1 c, d and e) corresponding to the three standard leads of the e.c.g. 

It should be noted that it was not possible to obtain a Q wave in reproducing the 
normal e.c.g. by summation of the monophasic curves with use of this apparatus. 
In order to reproduce the Q wave it was necessary to apply artificially either a small 
negative wave to the monophasic curve of the right ventricle or a small positive wave 
to the monophasic curve of the left ventricle; however, the possibility is not to be 
excluded that within the body the Q wave arises not on summation of the frontal 
monophasic curves, as in our device, but of curves in other planes. 


* Biofizika 4: No. 5, 588-594, 1959. 
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As Fig. 1 shows, positive P and T waves and shallow S waves were registered on 
all three curves. The QRS complex was in the main directed upwards for all curves. 
The amplitude of the waves in Fig. | d corresponding to the second lead was equal 
to the algebraic sum of the amplitude of the waves in the first and third leads (Fig. 1 c 
and e). The duration of the P-Q interval was 0-15 sec, that of the QRS complex 0-07 sec 
and of the QRST interval 0-38 sec. 


Fic. 1. (a) monophasic curves obtained from auricular unit; (6) monophasic curves obtained from 
ventricular unit; (c, d, e) reproduction of electrocardiograms obtained from electronic model in the 
first, second and third leads by summation of the monophasic curves a and b. 


Thus, both the form of the curves and the size ratios of the waves make it possible 
to consider these tracings as identical with a normal human e.c.g. 

To reproduce the e.c.g. for the first and third leads for different positions of the 
electrical axis of the heart, <QRS, the angle of the instrument, was successively set 
at +60°, +120° and —45S° with the angle of T at +60°. 
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As will be seen from Fig. 2, the electrocardiogram obtained on summation of the 
monophasic curves with QRS of -++-60° corresponded to the normal location of the 
electrical axis, confirmed by the predominating upward direction of the ORS complex 
in the first and third leads and by the positive P and T waves. 


Fic. 2. Reproduction by the electronic model of electrocardiograms with an angel 
of — 60°. Above, curve corresponding to first lead; below, to third lead. 


For the < QRS set at +120 and —45., curves were obtained similar to the e.c.g. 
for a left or right deflexion of the electrical axis, differing from the latter by the presence 
of a negative P wave in the first lead for the dextrocardiogram (< QRS = 120°) and 
a negative P wave in the third lead for the laevocardiogram (<QRS = —45). The 
appearance of such inverted P waves was the result of deliberate adoption in the device 
of a uniform direction for the vectors of the electrical forces corresponding to maximum 
P and R. 

It was possible without undue difficulty to reproduce, by means of summation 
of the various types of monophasic curves, e.c.g.’s with a variety of changes in the 
ventricular complex. In this way, we obtained e.c.g.’s with high and low R waves, 
deep S waves, an S—T interval with pronounced upward or downward displacement 
and a high spiked and inverted 7 wave, etc. (Fig. 3). 

In order to obtain the various types of e.c.g. it was often necessary to modify not 
only the time relationships of the monophasic curves but also their configuration. 

We shall first consider changes in the e.c.g. produced by an artificial shift (delay) 
of one monophasic curve in relation to a second. For this purpose we recorded e.c.g.’s 
corresponding to the first and third leads for definite angles of the electrical axis of 
the heart (< QRS) and of the T wave. 

When the upper positive curve showed a 0-02 sec lag in relation to the lower negative 
monophasic curve, despite < QRS being set at +-60° corresponding to the normal 
angle of deflexion of the electrical axis, a pronounced dextrocardiogram was inscribed 
on the e.c.g. with the < QRS complex chiefly in a downward direction for the first 
and third leads (Fig. 4 a). 

The crucial importance of the delay factor was also obvious for < QRS = —45 
and a 7 angle of —60.. In these cases, despite the fact that < QRS corresponded to 
a left deflexion of the electrical axis, the ventricular complexes were in the main orien- 
tated downwards in the first lead and upwards in the third; the 7 wave, forming together 
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with the ORS complex a biphasic curve, was positive in the first lead and negative 
in the third. Thus, even for <Q@RS = —45°, when the monophasic curve of the right 
ventricle was delayed, a marked dextrocardiogram was inscribed (Fig. 4 5). 

An unusual type of e.c.g. was obtained in the same conditions with <QRS = +120. 
It would have seemed that for this angle, corresponding to a sharp deviation of the 
electrical axis of the heart to the right, in combination with the delay factor in the 
curve of the right ventricle, the most conspicuous dextrocardiogram ought to have 
been inscribed. Yet, on the curves actually obtained, the QRS complexes were directed 
upwards in the first lead and downwards in the third, and the T waves were negative 
in the first and positive in the third, i.e. instead of the well-defined dextrocardiogram 
which might have been expected, the e.c.g. recorded was characteristic of a sharp 


Fic. 3. Reproduction by electronic model of electrocardiograms corresponding to various pathological 
states (left). To obtain these electrocardiograms, the form and time relationships of the monophasic 
curves of the ventricles were modified (right). 
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deviation of the electrical axis of the heart to the left (Fig. 4c). It cannot be excluded 
hat the production of such an unusual type e.c.g. corresponds to the conditions whicht 
would pertain in the body with shift in the so-called electrical axis of the heart to the 
sector between +180 and —90°. The final causes of the appearance of such an e.c.g., 
not encountered in clinical practice, may be explained, however, only after a detailed 
analysis and further thorough study. 


lead 


Fic. 4. Curves reproducing the e.c.g. in the first and third leads. Explanation in text. 


The tests showed that the electronic apparatus for simulating the electrical activity 
of the heart makes it possible by means of summation of the monophasic curves of 
the ventricles and auricles to obtain different types of e.c.g.’s corresponding to the 
different angles of deviation of the electrical axis of the heart and also diverse variants 
of the waves and intervals encountered in pathological conditions. The findings confirm 
the theoretical postulates that variants of the e.c.g. in the frontal plane may be the result 
of summation of two monophasic curves. 

The e.c.g. recordings obtained on introduction of a delay factor for one monophasic 
curve are of great interest. On the basis of the preliminary data it may be supposed 
that the e.c.g. type changes with the introduction of the delay factor, irrespective of 
the size of < QRS. 

The tests with the apparatus showed that production of pathological e.c.g.’s may 
be explained as the result not only of a shift in the monophasic curves from one or 
other ventricle but in the changed configuration of the initial curves. Such an inference 
does not conflict with clinical postulates. Indeed, it is hard to imagine that with diseases 
such as, for example, myocardial infarction or congenital defects of the heart, the severe 
disturbances in the metabolism of the heart muscle would lead only to a delay in one 
monophasic curve in relation to the other. It is much more likely that, as the dystrophic 
processes develop, not only are the time relations of the initial monophasic curves 
altered but so also is the very nature of the electrical processes, i.e. the configuration 
of the monophasic curves. 
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In reproducing by means of the electronic model both the normal e.c.g. and a number 
of its pathological variants, we were able to obtain with the apparatus various distur- 
bances in the rhythm of the cardiac funtion. In order to do this we produced shifts 
in the monophasic curves, changed the frequency of the generator of “nomotopic” 
pulses, varied the time of conduction of excitation (t0pg switch on generator of heterotopic 
pulses, block of passage of pulse between the auricular unit and the ventricular unit, 
and other changes in given conditions). By these methods we were able to reproduce 
almost all the arrhythms observed in clinical practice. 

In particular, it was possible to record the arrhythms developing as a result of: 

(a) “nomotopic” and “heterotopic” disturbances in automaticity functions (sinus 
bradycardia, tachycardia, arrhythmias; atrioventricular rhythms); 

(b) disturbances in the conductivity function (sino-auricular, intra-auricular, partial 
and complete atrioventricular block, bundle branch block); 

(c) disturbances in the excitability function (auricular, atrioventricular and ven- 
tricular extrasystoles; auricular, atrioventricular and ventricular forms of paroxysmal 
tachycardia); 

(d) a number of combined functional disturbances (auricular flutter, Wolff- 
Parkinson-White syndrome, combination of auricular flutter and complete atrioven- 
tricular block and bundle branch block, etc.). 

It should be noted that tests with the apparatus showed that it is capable of repro- 
ducing all the arrhythmias with the exception of those in which the appearance of the 
“heterotopic” pulse is not in a definite mathematical sequence, e.g. it was possible 
to obtain extrasystoles of the allorhythmia type (bigeminy, trigeminy, etc.) but it has 
not yet been found possible to reproduce haphazard single extrasystoles. For the same 
reason we have not been able to obtain curves identical with the e.c.g. for absolute 
arrhythms (cardiac fibrillation, ventricular fibrillation, etc.). 

As it was not possible to increase the time ‘pg more than 0-4 sec, an e.c.g. could 
not be obtained with use of the apparatus identical to the partial atroventricular 
block with Wenckebach periods. 

Figure 5 (a) shows an e.c.g. for the second lead in which the configuration of the 
waves and frequency of rhythm are fully identical with sinus tachycardia with 120 
cardiac contractions per min. To obtain such an e.c.g. the frequency of the generator 
of nomotopic pulses was set at 120/min, and the angles < QRS and T were set at 

+60. As Fig 5 a shows, the P waves were positive, the QRS complexes in the main 
directed upwards and the T waves positive and spiked. The P-Q interval was 0-18 sec 
and the R-R 0-5 sec. 

In Fig. 5 4 an e.c.g. is given identical with that found on atrioventricular rhythm 
originating in the ventricular part of the node. To obtain such an e.c.g. the normal 
monophasic curves were unchanged and the generator of heterotopic pulses was 
switched on at a frequency of 60 / min. The P waves were negative, located between 
the R and positive 7 waves and the rhythm regular; R-R = | sec. 

The e.c.g. in Fig. 5 cis identical with that obtained in sino-auricular block in which 
periodically both the P wave and QRS complex are missed so that the R—R interval 
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is doubled (from | to 2 sec). To reproduce this e.c.g. the generator of nomotopic pulses 
was operated in the same manner but any particular pulse was cut out for a given 
count. 

Figure 5 d corresponds to the e.c.g. observed in partial atrioventricular block of 
the second degree and type. Here the rhythm is irregular ; in every fourth P wave, 
without a preceding lengthening of the P-Q interval, the ventricular complex was missing. 
The P and T waves were positive and the P-Q interval 0-18 sec. 

The e.c.g. in Fig. 5 e is identical with that for complete atrioventricular block with 
a ventricular rhythm of 30/min and auricular rhythm of 75/min. The P-P interval 
is 0-8 sec, the R—R interval 2 sec. The P waves therefore accumulated in various phases 
of the ventricular cycle, periodically adjacent to the QRS complex or merged with 
the T waves. This curve was reproduced by severing the connexion between the pathway 
of the pulse from the auricle to ventricle units; the pulse frequencies of the models of 
nomotopic and heterotopic foci were fixed separately. 

Fig. 5 f depicts the e.c.g. approximating to that observed for left bundle branch 
block reproduced by shifting the monophasic curves by 0-8 sec. An inspection of the 
curves reveals widened, notched and deformed QRS complexes which produce together 
with the T waves a biphasic curve. The QRS complexes in the first lead were in the 
main directed upwards and in the third downwards. The T waves were opposite for 
the first and third leads, i.e. positive in the first and negative in the third. The inverted P 
waves in the third lead which were not characteristic of typical intraventricular block 
were due, as already stated, to the uniform direction of the P and R vectors adopted 
in the apparatus. 

In Fig. 6 a the e.c.g. is identical with that for the Wolff-Parkinson—White syndrome 
and in order to reproduce it on the apparatus for a 0-08 sec shift in the monophasic 
curves, the time of conduction of a pulse from the auricle unit to the ventricle unit 
(tpg) was fixed at 0-5 sec. The ventricular complexes were widened (0-12) sec) and 
deformed, following the positive P wave after a shortened P-Q interval. 

The e.c.g. in Fig. 6 4 is as in ventricular extrasystole. After each second complete 
cardiac complex and following a shortened interval, an enlarged and modified ven- 
tricular complex was inscribed, the initial part of which was in the main directed 
downwards and the final part upwards. The P wave preceding the complex was absent. 
The extrasystole complex was followed by a somewhat lengthened period of the com- 
pensatory pause. To reproduce the extrasystolic complex the monophasic curves 
generated by the ventricle unit were shifted in time. 

The e.c.g. in Fig. 6 ¢ is identical with that observed in complete atrioventricular 
block combined with bundle branch block. The QRS complexes were widened (0°12 sec) 
and deformed. The P waves had a much more frequent rhythm than the ventricular 
complexes and piled up on them. The shift in the monophasic curves was set at 0-08 sec 
and the passage of the pulse from the auricle to the ventricle unit was interrupted. 
The frequency of the pulses was 90/min at the nomotopic focus and 30/min at the 
heterotopic focus. 
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Fig. 6 d shows an e.c.g. identical with that for the so-called Friedreich phenomenon, 
i.e. with a combined regular form of auricular flutter and complete atrioventricular 
block and branch bundle block. The P waves ran in the form of frequent separate 
waves at rate of 300/min. After each tenth wave a widened and deformed ventricular 
complex followed as in Fig. 6 c. This e.c.g. was obtained with the apparatus as in the 
preceding case with the sole difference that the pulse frequency at the nomotopic 
focus was 300 /min. 

We shall confine ourselves to these examples, not wishing to overburden the reader 
with a number of other arrhythms encountered in pathological conditions and repro- 
ducible on the electronic apparatus for simulating the electrical activity of the heart. 

The tests conducted with use of this apparatus and the results obtained make it 
possible to conclude that simulation of the electrical activity of the heart may be 
successfully applied in the study of the causes of various types of electrocardiogram 
and in checking the validity of the theory which attributes the emergence of the e.c.g. 
to the summation of monophasic curves. 

The idea of using the electronic apparatus simulating the electrical activity of the 
heart for teaching purposes as a visual aid in the study of electrocardiography is worthy 
of attention. With use of this apparatus one can easily and speedily demonstrate on 
the screen of the cathode ray tube the most varied electrocardiograms including those 
very rarely encountered in clinical practice. In so doing it is possible to demonstrate 
the configuration and time relationships of the monophasic curves, the summation 
of which produces a particular e.c.g. 

Translated by A. Crozy 
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ULTRA-VIOLET MICROSCOPY OF BIOLOGICAL MATERIAL 
UNDER TOP LIGHT * 


E. M. BRUMBERG, I. IA. BARSKI and P. E. Moroz 
(Received 6 February 1959) 


THE study of microstructure of entire living organs and thick sections of tissue present 
considerable difficulties. In the illumination of unstained biological material with 
visible light from the side it is usually impossible to examine details of individual cells 
or tissues of the organ. Till now the best method for such observations has been fluo- 
rescence microscopy [1]. In this paper we will discuss another method of observing 
the microstructure of large objects, a method based on the use of ultra-violet microscopy 


* Biofizika 4: No. 5, 595-599, 1959. 
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The impossibility of observing the cellular structure of thick specimens in visible 
light is due to the insufficient intensity of the light scattered by the individual cells 
of the tissue and to the absence of selective absorption of light in the visible spectrum 
in the majority of cells. The situation would be quite different, however, if the specimens 
were viewed with ultra-violet light of wave-length 250-270 my, which is strongly absorbed 
both by proteins and, in particular, by the nucleic acids contained in the nuclei and 
protoplasm of the cells of most animal and plant organisms. For this radiation all 
tissues of animals and plants are, as it were, selectively stained by the natural dyes 
contained in them. 
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Fic. |. Arrangement for lateral illumination (a) and with opaque-illuminator (b). 
| — light source, 2 and 9 — light filters, 3 and 7 — polarizers, 4 — opaque-illuminator, 
5 — microscope objective, 6 —- specimen, 8 — eyepiece. 


When the specimen is illuminated from the side (Fig. | a), the following effects are 
observed : 

(1) Some of the light scattered by the specimen passes through the objective. 
Owing to the varying degree of light-scattering by regions of the object which possess 
different densities and different dispersions (these are usually different tissues or dif- 
ferent inclusions within tissues), we can see some comparatively course structures of 
the specimens in the microscope field. For example, in visible light pale bunches of 
muscle fibres, fat droplets, lipoids and certain other structural components can easily 
be seen against the generally darker background. One might think that this effect 
should be the same for the visible and ultra-violet spectral regions. Observations 
have shown, however, that in short-wave ultra-violet light the structures which can 
be observed owing to their scattering of light are seen much better than in light of longer 
wavelength. This can be partially attributed to the greater differences in the refractive 
indices of the various constitutents of tissue structure in the ultra-violet region. In 
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many substances the increase of the refractive index in the ultra-violet region is much 
more rapid than in the visible region, there being a transition to anomalous dispersion 
in the neighbourhood of strong absorption bands. However, the main cause of this 
effect is not the increase in the differences of the refractive indices on progression into 
the short-wave region, but the reduction in the depth of penetration of light into the 
object owing to the strong absorption of short-wave ultra-violet light by the tissue. 

In fact, when the top light incident on the preparation is scattered, the details which 
scatter the light more strongly appear paler in the fine layer of tissue. In the examination 
of the same layer in transmitted light, as in our case when light is scattered by underlying 
tissue layers, the structures which scatter light strongly will, on the contrary, appear 
dark. These two images of the same part of the object differ from each other, being 
like a photographic positive and negative. In the superposition of these images, as 
happens in our case, the result will depend on the relative intensity of the light scattered 
in the direction of the observer by the tissue layer under examination and by the 
underlying layers. Depending on the value of this ratio the resultant image of the object 
will be positive or negative with varied degrees of contrast and under certain specific 
conditions will disappear altogether. The result of this superposition of images may 
vary in different portions of the field of view since, other conditions being equal, it 
depends largely on the optical properties of the individual details of the microstructure 
of the object and the medium surrounding them (mainly on the relation between the 
refractive indices and the absorption coefficients). As a result of this, on examining 
a thick specimen in incident light we may observe in one field of view portions of the 
microscope field with different contrast, and even with the sign of the contrast changed. 

When the specimen is illuminated from the side by short-wave ultra-violet radiation, 
which is strongly absorbed and scattered by the specimen, and when the rays do not 
penetrate far below the depth of focus, we will obviously have mainly positive contrast 
in the image; on illumination with long-wave ultra-violet rays and visible light, which 
penetrate deep into the object, we will observe a low-contrast image with the positive 
and negative components deviating slightly on either side of photometric equality. 
The result of this effect in the case of thick preparations is that the images obtained 
under top light in short wave ultra-violet rays, owing to the differences in scattering 
the rays by the tissue, show much better contrast and are richer in detail than images 
obtained with rays of longer wave-length. This is illustrated by Figs. 2, 3 and 4. These 
were obtained in ultra-violet and visible light of different wave-length. 

We must repeat that observation of tissue microstructure only through the selective 
scattering of rays by the tissue is possible only in the case of comparatively coarse 
structures which can be examined with low-aperture miscroscope objectives. In these 
conditions scattering alone would hardly enable us to make out separate cells, far 
less the fine structure of cells, which send too little scattered light into the microscope 
objective. Such observations must be based on the other phenomenon which we referred 
to above — the selective absorption of short-wave ultra-violet light by cell structures. 

(2) Light scattered by tissue layers underlying the layer focused in the microscope 
field may be absorbed on its return path by individual tissue structures, thus producing 
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a distinct image of them in the microscope. This is a particular case of absorption mi- 
croscopy, but differing from its usual application in that the light source in this case 
is the light scattered by the underlying layers of the specimen itself. When the prepa- 
ration is illuminated from the side by ultra-violet rays of wave-length 250-270 my 
we can observe many morphological details of tissue structure, isolated cells or fine 
sections for instance, just as in the usual ultra-violet microscopy of thin objects, in 
transmitted light. With top light there is some additional contrast in the image of 
the object owing to the fact that some of the rays pass twice through the absorbing 
regions of tissue, the first time on their way from objective to object and the second 
on their return path to the objective. This effect is greater, the greater the size of the 
regions absorbing ultra-violet light and the smaller the numerical aperture of the con- 
denser and objective. 

Similarly in visible light we can, of course, observe pigment inclusions in tissues and, 
in particular, erythrocytes (in blue light). Special staining of tissue is also possible, 
particularly of fixed material, with certain dyes such as toluidin blue. However, for 
ordinary microscopy in incident light, this artificial staining of thick specimens does 
not usually give good results in work with living material. 

In actual experiments on biological specimens we have to deal directly with the 
two effects, selective scattering and absorption of light, and it is often difficult to isolate 
each of these effects in pure form. 


APPARATUS 


Illumination of the preparation by ultra-violet rays, as we indicated above, is 
effected from the side of the microscope objective. When the specimen is illuminated 
through the microscope objective observation is greatly interfered with by light reflected 
in the direction of the observer from the objective lenses and the surface of the specimen 
This makes it practically impossible to observe objects in the relatively weak light 
scattered by them. Interference from reflected light from the objective can be pre- 
vented by using crossed polarizers in the illuminating and observation systems of the 
microscope, as is done in petrographic microscopes designed for work with objects 
which reflect little light. This mode of illumination is shown schematically in Fig. | b. 

We carried out experiments with a low-power quartz-fluorite achromatic objective 
100-20. This was adequate, however, to reveal the nature and special features of 
the images of the thick specimens with which we were concerned. The light source 
was a mercury-quartz lamp SVD-120A, which provided an intense emission in the 
relevant short-wave portion of the ultra-violet region of the spectrum. Radiation in 
several long-wavelength regions was removed by means of a light filter 2 (Fig. 1) 
mounted between the illuminant and the microscope. In addition, an interference 
filter 9 covering the same spectral region as filter 2, was mounted above the microscope 
eyepiece. The purpose of this filter was to remove long-wave ultra-violet and visible 
fluorescence excited by the action of the short-wave ultra-violet rays on the specimen. 
It would have been possible to limit ourselves to one thicker filter mounted behind 
the eyepiece, but in this case the specimen would have been subjected to intenser 
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Fic. 2. Photomicrograph of thick section of frog tongue. a — in light of wavelength 250-270 mu; 
b — in blue light. 


Fic. 4. Photomicrograph of an epithelioma of human skin. a — inl ight of wavelength 250-270 mu, 
b — in blue light. 
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irradiation by ultra-violet rays of various wavelengths, which is particularly injurious 
to living specimens. 

For low- and medium-power objectives for future work it will be necessary to 
design and construct special quartz-fluorite or reflecting epi-objectives of the type 
used in metallurgical microscopes. This would enable us to use a considerably larger 
aperture angle in the illumination of the object than that attainable with one-sided 
lateral illumination, and so gain brightness in the image observed. Thus, it would be 
possible to alter ultra-violet microscope objectives to obtain an aperture of up to 0°65, 
which in resolving power would correspond to objectives of aperture 1-30 for the visible 
region. Such a set of objectives would also be very useful for fluorescence microscopy 
(2, 3). 

For an investigation of the microstructure of living, sometimes active, organs 
of animals, as also for all practical applications of the method in medicine, where 
speed of investigation is often required, it is very important to make provision for 
direct visual observation by means of one of the devices for converting the invisible 
images obtained in ultra-violet light into visible images. Such devices are also required 
in photography for selecting the region of the specimen and bringing it into focus, 
since often the structure of the object cannot be seen at all under top illumination by 
visible light. For this purpose we can use electronic image converters and television 
techniques, which enable us to obtain a considerable increase in the brightness of 
the optical image. 


RESULTS 


We conducted experiments on living and fixed material. At first the method was 
tested on thick fixed sections, then on whole pieces of fixed tissue (fixation in formalin 
in each case) and, finally, on unfixed and living organs and tissues. 

Fig. 2 shows photomicrographs of a portion of frog tongue. The tongue was fixed 
in 10% formalin and cut in half. One of the pieces was mounted on a slide on the 
microscope stage and the internal structures of the tongue at the site of section were 
photographed. Figure 2a is a photograph obtained using illumination by ultra-violet 
rays of wavelength 250-270 mu; Fig. 2b was obtained using illumination by blue light. 
In Fig. 2a the structures are seen much more distinctly than in Fig. 2b and hence, also 
more distinctly than on direct microscopic examination in visible light. The darker 
structures (Fig. 2a) are integumental epithelium; the mucous glands stand out clearly, 
obviously because of their strong absorption of ultra-violet light, while certain other 
features are apparent mainly on account of their selective scattering of light. 


Fig. 3 is a photomicrograph of the extended tongue of a live frog, photographed 
at the surface. In ultra-violet light (Fig. 3a) we see the nuclei of the epithelial cells, 
which strongly absorb light of wavelength 250-270 mu owing to their high content 
of nuclei acids. In blue light (Fig. 3b) the cell nuclei cannot be seen, but the vascular 
network of the tongue stands out distinctly. These vessels are not visible on the first 
photograph, and this is in complete accordance with the absorption spectrum of 
haemoglobin which has a maximum in the violet region and one of its minima at 
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wavelength 250-280 my. This difference in photographs taken in reflected light of 
different wavelengths makes the application of colour translation useful in certain 
cases [4, 5]. 

Fig. 4 shows an epithelioma of the skin of the forehead in man (biopsy). Figure 4a 
was obtained using ultra-violet light of wavelength 250-270 my to illuminate a portion 
of skin with the tumour; Fig. 4b was taken in blue rays. 


CONCLUSION 


With the first experiments of A. Kéhler (1904) ultra-violet microscopy gave hope 
of a means of intravital investigation of the microstructure of cells and tissues, which 
was then not feasible by other methods of microscopy. The employment of a non- 
achromatic quartz lens in the ultra-violet microscope and the photographic method 
of observation did not allow this to be accomplished at that time, since the cells perished 
under the action of the ultra-violet rays during the long time spent in focusing the 
preparation before it could be photographed. The development of the achromatic 
reflecting lens for the ultra-violet microscope and the use of visual methods of observa- 
tion in ultra-violet microscopy [6, 7] have made it possible to conduct intravital observa- 
tions by means of the ultra-violet microscope, but these observations have been restricted 
so far to the study of isolated cells or of very thin layers of cells in tissue culture prepa- 
rations. The microstructure of entire organs of animals and humans is investigated 
by means of ordinary and ultra-violet microscopy only in the case of thin sections 
prepared from fixed material. Biologists are well aware of the serious alterations in 
structure, and particularly of the chemical state and distribution of substances within 
the cell, which are brought about by the death and subsequent fixation of the material. 
Very many studies have been devoted to this question. Hence any new means of studying 
tissue in the living state is of great interest. 

The method of observations, discussed in this paper, may also be of interest for 
practical medicine. Ultra-violet microscopy may be used in conjunction with 
fluorescence microscopy for obtaining rapid answers in the operating theatre. On 
the basis of this method of observation it may be possible in future to produce a needle- 
microscope like that described in Brumberg’s paper [1] on fluorescence microscopy. 
In this case the situation will be greatly simplified by the fact that it will not be necessary 
to stain the tissue with fluorochromes — a relatively complex process in such conditions. 
Ultra-violet microscopy may find application in colposcopy and microcolposcopy. 
and may provide a basis for the development of other instruments with similar aims, 


In applying ultra-violet microscopy to live objects there is always the risk that 
the ultra-violet rays, particularly the short-wave rays, may cause burning of the tissue 
under investigation. This may destroy the natural conditions at the particular site 
in the organ and may also produce pathological effects. This, of course, must be taken 
into consideration in conducting investigations on living material just as it must be 
taken into account in fluorescence microscopy of living organs. Here we must bear in 
mind that the effect of ultra violet rays on living tissue depends, other conditions being 
equal, on the total dose, i.e. on the intensity and duration of irradiation. In some 
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investigations on animals, where the same part of an organ does not require to be 
examined for a long time or to be re-examined periodically to observe the changes 
occurring in a particular group of cells, it is possible to avoid over-long exposures. 
In application to humans the question of permissible doses of irradiation by short- 
wave ultra-violet rays must be thoroughly examined beforehand and investigated experi- 
mentally on animals. The future holds hope of a gradual reduction in the required 
intensity of radiation as improvements are made in electron-optical and television 
methods of observation, which are already enabling optical images with high brightness 
factors to be obtained. 

In this paper we have given a very rough outline of a method of observing the 
microstructure of thick specimens illuminated by ultra-violet rays from the side since 
our purpose was merely to examine the principle of the method and to illustrate it 
with a few examples. A fuller description of the equipment and method forms the 
content of other papers which, we hope, will appear in the near future when physicists 
and biologists together have made sufficient progress in the practical development 
of the method and equipment for ultra-violet microscopy. 
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A METHOD OF PREPARING QUARTZ FILMS FOR 
ELECTRON MICROSCOPY IN STUDIES OF THE 
FINE STRUCTURE OF ERYTHROCYTES * 


A. I. and Iv. P. VINETSKII 
(Received 3 October 1958) 


For the extraction of lipids from the stroma of erythrocytes in electronmicroscopic 
studies of their fine structure, the usual collodion, parlodion or other organic films 
cannot be employed because of their solubility in the extracting agents. Inorganic 
films of, for instance, aluminium oxide [1] carbon [2] or quartz [3] are more suitable. 
For the work mentioned above quartz films are most appropriate. 


* Biofizika 4: No. 5, 599-601, 1959. 
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The usual method of obtaining the quartz films used in the preparation of replicas 
consists in depositing a fine layer of the inorganic material on the surface of a polystyrene 
block or slide by evaporation in a vacuum of the order 10~4-10~5 mm Hg. The fine 
film is then peeled away from the polystyrene block and put into a suitable solvent 
to remove the polystyrene from the quartz. 


Boat 


Fic. 1}. 


However, besides being extremely laborious, this method has a number of drawbacks, 
such as: the difficulty of catching the film on the metal grid, fracture of the film owing 
to swelling of the polystyrene in the solvent, and the residual layer of polystyrene. 
With the presence of very minute impurities in the polystyrene various artefacts are 
possible: on the electron micrograph we observe tiny crystals, particles, lines, etc. 

We used the following method of making quartz films. In a glass vacuum appara- 
tus a quartz layer was evaporated on to 10-15 electron-microscope grids on which 
collodion films had previously been deposited by the usual method. The grids were 
mounted in the apparatus at a distance of 8-7 cm above the centre of a tungsten boat 
containing a few quartz crystals (weight | mg). The bell jar was evacuated to 1075 mm 
Hg and the evaporation was carried out at 2230-2590°C over a period of 60-80 sec. 
With longer times of evaporation, damage to the film may result. When the quartz 
had been deposited the grids were transferred to a meshwork stage of diameter 40 mm, 
placed in a Koch dish, to which the solvent (amyl acetate or alcohol-ether mixture) 
was added up to the level of the stage surface. Thus the grids were in contact with 
the solvent only on the side carrying the collodion film. The solution process lasted 
for 24 hr. 

The films obtained by this simple method are directly fixed to the grids. In view 
of the fact that the collodion film is very fine, swelling effects during its solution do 
not destroy the mechanical integrity of the quartz film. Hence in the method described 
above we find only a very small percentage of efective specimens, while the procedure 
itself is very simple and does not require special skills. 

The thickness of the films obtained was estimated approximately by the argument 
that, since all the quartz on evaporation would have been distributed over a hemisphere 
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of radius r (in our case 8-7 cm, see Fig. 1), then, knowing the density d (about 2-657), 
and the weight p (1 mg), we can determine the film thickness h. 


P 1 x 10-3 g x cm3 


h 


The errors in determining the thickness by this method depend on the following factors: 
(a) the film is deposited on a flat surface, and not a spherical one; (b) the evapor- 
ation is effected not from a point, but from a surface of some area; (c) the evapor- 
ation does not take place in all directions, but only on to a hemisphere, and hence 
there are unavoidable edge distortions of the molecular flux. In this case, however, 
if the solid angle « of the flux is small enough the effect of all the factors listed above 
is also small. It was established experimentally [4] that a correction coefficient must 
be introduced into this formula, this coefficient being 2-2-5 for a value of r of about 
100 mm. Thus, the film thickness in our conditions was 160-180 A. 


The undoubted advantage of the quartz film over organic films is its stability to 
heating and to the action of organic solvents. This feature of the quartz film enabled 
us to carry out the extraction of lipids from the stromata of erythrocytes directly on 
the film, thus avoiding the appearance of artefacts which may arise in the desiccation 
of the preparation. After the extraction of lipids the stromata were impregnated with 
osmic acid. Fig. 2 shows the reticulate structure of the protein skeleton of stromata, 
the diameter of the cells being about 500 A, and the thickness of the micellae constitu- 
ting the skeleton being about 100-150 A, which agrees with the results of Wolpers [5]. 

In summing up we might note that owing to the high thermal stability of quartz 
films it is possible to carry out micro-combustion of cells directly on the film, which 
together with extraction is a convenient method of studying the submicroscopic structure 
of biological formations. 

In conclusion the authors convey their deep gratitude to Prof. B. N. Tarusov for 
checking the manuscript and for valuable comments. 


Translated by F. L. SINCLAIR 
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INVESTIGATION OF VERY WEAK LUMINESCENCE 
IN BIOLOGICAL SYSTEMS * 


Iu. A. VLADIMIROV and F. F. Litvin 


Faculty of Soil Biology, Lomonosov State University, Moscow 


(Received 14 February 1959) 


THE use of photomultipliers has greatly increased our ability to measure weak light 
fluxes. Studies of the photo- and chemiluminescence of biological objects have provided 
extremely valuable information on the properties of photosynthetic pigments in solution 
and in the living organism [l—-9]. Measurements have been made of the fluorescence 
spectra of such biologically important compounds as DPN and riboflavin in solutions, 
yeasts, bacteria, and leaves [10-13] and, lastly, protein fluorescence has been discovered 
and there have been a whole series of spectral studies of the fluorescence of proteins 
and amino acids in the ultra-violet and visible regions of the spectrum [14-21]. In the 
study of the mechanisms of photosynthesis and electron transport in the cytochrome 
system a very substantial contribution has been made by investigations of the differential 
absorption spectra of biological objects [22-26]. However, in many of the investiga- 
tions cited the factor limiting the accuracy and reliability of the experimental results 
was the sensitivity of the light receiver. High sensitivity becomes the decisive factor 
in studies of still weaker luminescence, such as afterglow and chemiluminescence. 
A substantial increase in the sensitivity of the light receiver provides the opportunity 
for research in a new, interesting and hitherto uninvestigated field of biophysics. 
Before the photomultiplier came into use the investigation of very weak light fluxes 
was effected by means of the so-called quantum counters, these being various modifica- 
tions of the Geiger counter with a transparent window. Though these tubes have 
the advantage over the photomultiplier in their extremely low level of dark background, 
they are of complex construction, very unstable and, as a rule, only sensitive in the 
far ultra-violet region of the spectrum [28-30], which makes it practically impossible 
to employ them for accurate biological studies in the near ultra-violet, visible and infra- 
red regions of the spectrum. 


* Biofizika 4: No. 5, 601-605, 1959. 
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The high stability and sensitivity of photomultipliers over a large spectral region 
make them extremely attractive as receivers of very weak light fluxes. 

The main factor limiting the sensitivity of photomultipliers is the dark current 
and its fluctuations. As we know, even in the absence of light the photocathode of 
the photomultiplier emits electrons, the number of which increases with increase in 
temperature; even an unilluminated photomultiplier gives out a stream of pulses detec- 
table by instruments with a large enough time constant as a dark current with random 
thermal fluctuations (“noise”). By using measuring instruments with a large time con- 
stant (with compensation for the constant component of the dark current), or by 
sharply limiting the bandwidth of the photocurrent amplifier, investigators have 
succeeded in reducing the noise level and increasing the signal-to-noise ratio by one 
or two orders of magnitude [26, 31]. However, the most effective method of increasing 
the sensitivity of the photomultiplier is by cooling it. This greatly reduces the dark 
current and its fluctuations, and hence lowers the threshold intensity of the signal 
which can be detected and measured. Cooling of the photomultiplier to the temper- 
ature of solid carbon dioxide considerably reduces the dark current (by approximately 
two orders of magnitude). When the photomultiplier is cooled to the temperature 
of liquid nitrogen the dark current is reduced by four to five orders of magnitude [31]. 
In these conditions only a few electrons are emitted by the photocathode in the dark 
and it becomes possible to measure light fluxes consisting of hundreds, or even tens, 
of quanta per second. Since in this case the total photocurrent is very small, while 
the amplitude of the individual pulses is fairly large, it is better to employ pulse counters 
[28], rather than integrating instruments of the d.c. amplifier type [28]. The application 
of deep cooling to a photomultiplier, in conjunction with a measuring system operating 
as a pulse counter, enabled Strehler to conduct a number of interesting investigations 
of chemiluminescence and afterglow of biological material [3-6, 32, 33]. 

In previous works we used spectral methods of measuring luminescence to study 
transformation processes of pigments in living leaves and to reveal the mechanisms 
of energy migration in proteins and chromoproteins. By photographing the luminescence 
spectra we succeeded in following the successive stages of the biosynthesis of chloro- 
phyll from protochlorophyll in greening leaves [34, 35]. Equipment for measuring 
excitation spectra by means of the spectrophotometer SF-4 [36] was used to study 
energy migration between aromatic amino acids in solutions and crystals, and between 
different groups in the protein molecule [36-40]. In the course of the investigations 
the limitations of the applied methods became apparent. The photographic method 
at high sensitivity was found to have too slow a response and was not sufficiently accu- 
rate for studying the kinetics of the processes; on the other hand, the sensitivity of 
the photocell was too low for accurate measurements of the luminescence spectra. 
Hence in subsequent work we employed photomultipliers for spectral measurements 
of the luminescence. For measuring luminescence spectra in the visible region we 
constructed an apparatus based on the monochromator UM-2, described in detail 
earlier [12]. The relatively high dispersion of the monochromator enabled us to study 
the fluorescence spectra of leaves and yeasts in the 400-600 mu region and to reveal 
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the structure of the spectra [12, 13]. For measuring the luminescence spectra in the 
ultra-violet and visible region we built an apparatus consisting of a source of exciting 
light (1000 W, mercury-quartz lamp PRK-7), a quartz monochromator SF-4, a photo- 
multiplier FEU-18 and a measuring device (a galvanometer sensitive to 1x 1078 A 
or a selective amplifier and oscilloscope). With this equipment we studied the fluo- 
rescence spectra of aromatic amino acids and certain proteins [21, 36]. 


=> Battery 


Fic. |. Diagram of apparatus for spectral studies of very weak light fluxes. / — source of exciting 
light, 2 — quartz condensers, 3 — shutters, 4 — aluminized concave mirror, 5 — holder with specimen, 
6 — Dear flask with transparent window, 7 — plastic tube with quartz windows, 8 — metal case con- 
taining FEU, 9 — foam plastic, /0 — voltage divider for BAS — the battery supplying the FEU‘ 
// — signal pre-amplifier, 12 — main amplifier, /3 — phase inverter, /4 — amplitude discriminator. 
/5 —scaler, 1/6 —electromechanical pulse counter, 77 and /8 —loop oscillograph with amplifier, 


To obtain more accurate measurements of luminescence spectra, particularly in 
the red region, and to extend the method of measuring luminescence to a wider range 
of biological material characterized by low luminescent intensity, and, finally, to study 
chemiluminescence and afterglow in biological systems, we tackled the problem of 
registering very weak light fluxes by means of a photomultiplier, cooled by liquid nitro- 
gen, in an apparatus operating as a pulse counter. 


A diagram of the apparatus is given in Fig. |. The source of exciting light was 
a 1000 W mercury—quartz lamp PRK-7, or a 500 W incandescent lamp. The exciting 
light was focused on the specimen mounted on a special attachment to the spectro- 
photometer. The fluorescent light was focused on the slit of the quartz monochromator 
SF-4 by a powerful concave aluminium mirror. 


For measurements in the ultra-violet the photomultiplier FEU-18 was contained 
in a massive metal case filled with liquid nitrogen. A plastic tube was screwed into 
the case opposite the photocathode. This tube carried two quartz windows situated 
6 cm apart in order to prevent their freezing up. Foam plastic (Fig. 1, 5) was used 
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as heat insulation for the case. Later it was found more efficient to instal the photo- 
multiplier in a Dewar flask with an unsilvered window opposite the photocathode 
(Fig. 1, a), this helped to increase the operating stability of the apparatus and to reduce 
substantially the consumption of liquid nitrogen. The FEU was supplied from anode 
batteries of the BAS type (1000-1100 V for FEU-18 and 1300-1400 V for FEU-22). 
The resistance chain was placed outside the case containing the photomultiplier. The 
signal from the FEU was first amplified by an electrometric amplifier (voltage amplifier 
and cathode follower) and fed to a cathode-ray oscilloscope EO-6 and to a scaler 
with an electromechanical counter on the output. 


1000 


~ 
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Fic. 2. Kinetics of afterglow of leaves. Explanation in text. 


The amplification circuit enabled us to work in a range of frequencies with lower 
limits 40, 80, 120 and 400 c/s, and upper limits 3, 6, 10, 20 and 30 ke/s with amplification 
up to 1-0 10°. The amplitude discriminator incorporated in the circuit enabled us 
to remove the microphone effect of the FEU from the intrinsic noise of the amplifier 
and to select pulses by amplitude. The radio-engineering part of the apparatus consisted 
of standard equipment. 

The following optimal conditions of operation of the assembly were chosen: passband 
of amplifier 400-30,000 c/s, amplification factor 104-105, cut-off voltage applied to 
grid of the amplitude discriminator 40-50 V. 

The absolute sensitivity of the apparatus was estimated from a comparison with 
the sensitivity of standard photographic materials. Each pulse for FEU-18 corresponded 
to 10 quanta at wave-length 400 mu. Thus the sensitivity of the apparatus apparently 
depended only on the value of the quantum yield of the photocathode [31]. We know, 
of course, that the possibility of measuring weak light fluxes is limited not by the sen- 
sitivity of the photocathode, but by the high level of dark background (in our experiments 
40,000-60,000 counts/min for FEU-18, 150,000 counts/min for FEU-22). The deep 
cooling of the photomultiplier led to a marked reduction of the dark background: 
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to 2-5 counts/min in the apparatus with Dewar flask and 20-40 counts/min in the 
apparatus with metal case. The number of light pulses did not change on cooling. 
Thus, as a result of cooling, the signal-to-noise ratio and hence the actual sensitivity 
of the apparatus increased 50,000 times for FEU-22, 10,000 times for FEU-18 in the 
Dewar flask, and 1000 times for FEU-18 in the metal case. This means that the apparatus 
allowed the reliable detection of light fluxes down to 50-100 quanta/min in the short- 
wave and medium-wave spectral regions (to 500 mz) and to 500 quanta/min in the long- 
wave region of the spectrum (650-850 my). 

It is most important in quantitative studies that the number of pulses registered 
should be a linear function of the light intensity. Special measurements employing 
neutral light filters showed that for a cooled and uncooled FEU linearity was strictly 
observed up to 150,000-200,000 counts/min and was limited apparently by the slow- 
response of the electromechanical counter. 


The apparatus was used to study the afterglow of leaves, the chemiluminescence 
of pigments, the afterglow spectra of proteins and the bioluminescence of roots. 


In experimental measurements of the afterglow of leaves we used 12-15 day old 
haricot bean plants grown under fluorescent lamps. After the leaves had been kept 
in darkness they were illuminated by the light of a 500 w incandescent lamp through 
a red filter KS-15 and immediately after illumination were placed in the apparatus. 
Measurement began 10 sec after illumination. Readings were made every 10 sec. 
A typical curve for the decay of the afterglow is shown in Fig. 2. As in Strehler’s 
experiments [3], the shape of the curve indicates that besides the brief afterglow of 
the fluorescent type there is a longer afterglow, which can easily be observed 1-2 hr 
after illumination. 

With this apparatus we were able to measure the much shorter afterglow of dry 
proteins. The afterglow was excited by a 3 sec exposure to a mercury—quartz lamp 
PRK-7. Measurement began 2 sec after exposure and the pulses were counted during 
the subsequent 5 sec. By repeating this operation several times at different wave-lengths 
we succeeded in measuring the afterglow spectrum of a number of dry proteins. For 
instance, in the case of araching this spectrum had several maxima in the region 
400-550 mu. The afterglow spectrum was found to change under the action of the 
exciting ultra-violet. On prolonged exposure of the specimen to ultra-violet (more 
than 30 min) the ability to give an afterglow almost completely disappeared. 


Studies of the bioluminescence of live tissues [41] by means of objective physical 
methods [29, 42] are of interest at the present time. Using the apparatus with the 
FEU-18 in the metal case (Fig. 1, 5) we measured the afterglow of radicles of 4-6 day 
old bean shoots contained in the cuvette compartment of the SF-4 opposite the case 
containing the photomultiplier. In eight experiments (about 60 measurements) 
conducted on different days we discovered effects exceeding the control by 4-5—26 per 
cent. These effects were not observed in measurements in the visible region. Owing 
to the very low level of the effect further study will be necessary before we can reach 
a definite conclusion on the presence of bioluminescence in roots in our experiments. 
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SUMMARY 


(1) For spectral measurements of very weak luminescence we constructed an 
apparatus consisting of a quartz monochromator, a photomultiplier cooled by liquid 
nitrogen, and a pulse counter. 

(2) Cooling of the photomultiplier reduced the dark background to 2-7 counts/min, 
i.e. by a factor of 10,000 for a photomultiplier with an antimony-caesium cathode. 
and 50,000 for a photomultiplier with a caesium oxide cathode. Each light pulse at 
400 mu corresponded to 10 quanta. 

(3) Using the apparatus, we studied the kinetics of the afterglow of leaves, the 
spectra of protein afterglow and the bioluminescence of roots. 

In conclusion we convey our deep gratitude to Academician A. N. Terenin and 
Prof. A. A. Krasnovskii for their constant interest and assistance in the work. 


Translated by F. L. SincLatr 
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AN ALTERNATING CURRENT BRIDGE FOR THE ANALYSIS 
OF IMPEDANCE CHANGES IN RAPIDLY OCCURRING 
PROCESSES IN BIOLOGICAL SPECIMENS * 


S. A. TUR’EV 


Faculty of Fundamental Biology, Lomonosov State University, Moscow 


(Received 18 July 1958) 


THE method of measuring electrical conductivity opened up, in principle, new possibili- 
ties in the analysis of excitation processes in conducting tissues and especially nerves. 
Attempts at such analysis have been made by a number of workers [1-7]. However, 
this work suffered from fundamental methodological errors connected either with 
the inadequate sensitivity of the test equipment or lack of response in the recording 
systems. 

A device meeting the requirements for analysis of the impedance of nerve tissue 
on excitation was first designed by Cole and Curtis [8]. They evolved a special bridge 
circuit with an oscilloscope as null instrument. With this apparatus, facts of basic 
importance were obtained concerning the mechanism of conduction of excitation 
[9, 10]. A less refined bridge circuit was employed in the investigations of Tasaki 
[11] and Fabre [12]. 

In 1956 we designed a bridge apparatus for the analysis of impedance changes 
in the nerve on excitation, and for measurement of the impedance components of 
biological objects over a wide frequency range (30 kc/s — 1 Mc/s). With this apparatus 
one can study the changes with time of the impedance of the tissues and organs of 
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animals on irradiation, chemical treatment, and passage of a direct current, and analyse 
the functional state of the tissues. 

Studies of the changes in impedance have been made by a number of workers both 
by the method of ellipses [9, 13] and by the amplitude method [10, 11]. In designing 
the apparatus we concentrated on the amplitude method as the most suitable for 
recording rapidly-developing processes of excitation in the nerve. The essence of the 
amplitude method is that the voltage of the unbalanced bridge at the moment of excita- 
tion of the nerve is amplified and supplied to the vertical plates of the oscilloscope. 
By horizontal scanning, the test impedance spike is displayed in time. Synchronization 
of the sweep with the stimulating pulses makes it possible to obtain on the oscilloscope 
screen a styble pattern which is readily photographed. In measuring the impedance 
of the specimen, the point of balance of the bridge is determined from the minimum 
value of the voltage amplitude on the screen of the oscilloscope. 

To investigate the time relations between the action potential and impedance spike 
a second channel was designed for amplification of the action potential. The output 
of each channel regulates one beam of a double-beam oscilloscope. With a horizontal 
scanning Common to both beams the time relations can be studied by direct com- 
parison of the images. It should be borne in mind that the passage of a signal (impedance 
spike, nerve action potential) through the amplifying channel is accompanied by 
distortions both in the form of the signal and the time relations. In relation to the 
input signal, the output signal appears at a somewhat later time, defined by the delay 
time ¢, and the set-up time of the stationary amplitude of the output signal occurs 
more slowly, after a set-up time ¢,,._ Both the set-up time and delay time are determined 
by the type of amplifier circuit and its band width. 

In choosing the circuit for the bridge, close attention was paid to the problems of 
sereening the individual elements of the circuit and the choice of an earthed apex. 
A circuit was selected in which the components of the comparison arm (R,, and C,,) 
correspond to the generally-accepted equivalent circuit (R//C) of the biological specimen. 
The object being measured (R,, C,) and the comparison measures R,, and C,, were 
incorporated in the adjacent arms of the bridge and their common apex earthed. 
Such a design successfully solves the problems of screening of the object and the pro- 
blems of comparison measurements —their shields have an earth potential. The 
input of the bridge was made symmetrical since, as a rule, industrial high-frequency 
generators have an asymmetrical output. The output of the bridge is inductively con- 
nected to the input of the impedance channel amplifier. The use of inductive coupling 
makes possible tuning of the bridge output. Tuning to the working frequency is carried 
out by means of a variable capacitor built onto the bridge circuit. The use of a resonance 
system makes possible an increase in the voltage of the unbalanced bridge by the factor Q 
and allows initial limitation of the frequency band pass. As a result, the signal-to-noise 
ratio is improved at the output of, the bridge which is of great importance in an appa- 
ratus of high sensitivity. As a result of the firm coupling with the circuit of the bridge, 
the band width of this resonance system is considerably wider than that of the amplifier 
of the impedance channel and the value for Q stands at 3-6 [15]. 
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A brief description of this apparatus and certain findings obtained have been reported 
earlier [15, 16]. Because of the potentialities of this type of work it seems to us desirable 
to publish a detailed description. 


DESCRIPTION OF APPARATUS 


The arrangement enables one to measure the resistive (R,) and capacitative (C,) 
components of impedance in biological objects in the generally-accepted substitution 
circuit (R//C). The value of the measured resistive component may lie within the 
limits of 1-300 kQ and that of the capacitative component between 10 pF and some 
thousands of picofarads. The impedance of the object may be measured at any fre- 
quency within the 30 kc/s — 1 Mc/s range. The sensitivity of the apparatus, defined 
in millimetres of deflexion of the oscilloscope beam for a 1 per cent change in the 
resistive (or capacitative) component, permits reliable recording of the changes in 
impedance of the order of 0.01 per cent over the 30-100 kc/s range. For higher values 
of the resistive component, and for higher frequencies, the sensitivity may be far lower 
due to the influence of the capacitative component of the object. 


Fic. 1. Circuit of bridge part of apparatus. 


The block diagram of the apparatus is given in Fig. | [15]. 

To set accurate time relations and to obtain a stationary pattern on the oscillograph 
screen, the common sweep of both beams was synchronized with the process under 
study. Synchronization was effected by pulses which served to start off rectangular 
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pulses of stimulation in the GRAKh stimulator. The synchronizing pulse was slightly 
ahead of the stimulating pulse in time. 


Figure | depicts the bridge circuit of the apparatus. It was advisable to arrange 
the comparison arm Z,, in the form of joined resistance and capacitance (R,,//C,,) 
in parallel. In this case the values of the components of impedance were read off 
immediately from the scales of the standard references. The bridge circuit had to 
be such that, over the entire frequency range employed, the equations of balance of 
the bridge were not dependent on frequency [17]. In work at high frequencies, and 
with utilization of the full sensitivity of the apparatus, distribution of the spurious 
capacitances between the constructional elements of the bridge circuit was of great 
importance. In order to eliminate or stabilize the effect of these capacitances special 
shielding of all four arms of the bridge was introduced [18]. The earthed apex of the 
bridge was so chosen that the screens of the object and reference standards were at 
earth potential. In the basic circuit diagram the screening is depicted by means of 
dotted lines (Fig. 1). 

To tune the bridge to the working frequency a 17-510 pF variable air capacitor 
was used. The range of working frequencies of the apparatus was broken down into 
three sub-ranges: 30-100 ke/s 100-300 kc/s and 300-1000 kc/s. The details of the 
inductive coils and the coefficient of inductive coupling between them are given in 
Table | for each frequency sub-range. 


As standard references we used a non-inductive MSRB-49 resistance box with 
a maximum resistance of 11,111 Q variable by 0-1 Q, a variable air capacitor with 
a range of 34-1040 pF (2 sections) and a ME-3 capacitance box with a maximum capa- 
citance of I-11 wF variable by 0-001 uF. The auxiliary arms of the bridge Rz and R, 
were active resistances of the MLT-0-5 type. The resistance R> was 10,000 Q, and 


TABLE | 


Frequency Inductance Inductance Coupling 
(ke/s) L; (Mc/s) L2 (Mc/s) coefficient 


30-100 5:7 23°8 0-51 
100-300 40 2-53 0-31 
300-1000 1-3 0-24 0-13 


R, was 5000 so that the R»:R; ratio was 2. The apparatus with this ratio measures 
a resistive component of impedance up to 22 k{2. For larger values of the resistive 
component we increased the R:R; ratio to 10-15 for which reason the resistance 
R; was interchangeable. It should be noted that the apparatus can give correct in- 
dications over the entire frequency range only if the ratio R»:R; is a real number, 
i.e. does not depend on frequency. 

The bridge was supplied with sinusoidal voltage by a RC generator with zero phase 
shift. Generators of this type have a wide frequency range, high frequency stability 
and low non-linear distortions. The frequency range of the generator from 200 c/s 
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to 1-5 Mc/s is divided into four sub-ranges: 200-2000 c/s, 2-20 ke/s, 20-200 kc/s and 
200-1500 kce/s. The amplitude of the output voltage is smoothly regulated from zero 
to 1-5 V. The circuit diagram of the generator is given in Fig. 2. The generator consists 
of two parts; the actual RC generator with valves L; (6ZhZP) and L (6P9) and a cathode 
follower with the valve L; (6SS5S). The cathode follower serves to eliminate the effect 
of the loading parameters on the frequency and amplitude of the oscillations generated. 
For the self-excitation of the generator, part of the alternating voltage from the anode 
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Fic. 2. Circuit diagram of generator. 


of valve L> is supplied through the phase-shifting circuit to the grid of valve ZL, in 
the necessary phase. Stabilization of the voltage amplitude is achieved by means of 
a circuit with negative feedback and use of thermistor. Feeding of the generator is 
by a RS-27B type rectifier with electronic stabilization of voltage. The size of the 
voltage amplitude at the output of the generator is controlled by a VK-76 voltmeter. 
At the input of the bridge section of the apparatus the voltage is of the order of 100 

200 mV. At the frequencies employed by us this is considerably below the threshold 
of even nerve tissue. 

To ensure high sensitivity of the channel used for measurement of impedance 
an amplifier was incorporated in the circuit. Since at the moment of balance of the 
bridge, the voltage of the fundamental frequency at the bridge output tended towards 
zero and the voltages of the higher harmonics for which the bridge is not stabilized 
were relatively high, the amplifier was required to amplify selectively only the funda- 
mental frequency. The circuit diagram of the amplifier is given in Fig. 3. It has two 
amplification stages with individual tuned circuits in the anode circuits of valves L, 
and L>. Each pair of circuits works within a corresponding sub-range of frequency. 
The transition from one sub-range to another is effected by the two-way switch P». 
Smooth tuning to the working frequency within each sub-range is by a variable capa- 
citor. To remove the influence of the load circuits connected to the amplifier, on the 
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parameters of the circuit within the anode circuit of valve L> a separation cathode 
follower stage with} valve L; is provided. At the input of the amplifier there is an 
attenuator for changing the amplification of the impedance channel step-wise in the 
ratios 1:1, 1:10 and 1:100. ,The parameters of the attenuator are so calculated that 
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Fic. 4. Amplifier for recording action potential of nerve. 


the coefficient of attenuation is not dependent on the frequency of the input signal. 
Smooth regulation of the amplification of the channel is achieved by the amplifier 
of the oscilloscope. The details of the tuned circuits and the coefficients of amplifica- 
tion as a function of the sub-range of frequency are given in Table 2. 


TABLE 2 


Frequency range Inductance Amplification 
(ke/s) (Mc/s) coefficient 


30-100 46:0 1200-5800 
100-300 46 500-2500 
300-1000 0-46 170-700 


The coefficient of amplification of the resonance amplifier within each sub-range 
rises with increase in frequency (see Table 2), decreasing on transition from one sub- 
range to another. In investigations into changes in impedance in nerves [15, 16] the 
frequency range 30-100 kc/s was employed in which the apparatus has excess ampli- 
fication. In these investigations the sensitivity of the apparatus was of the order of 
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10 uV with a distinct separation of the signal of unbalance from noise, limited not 
by the amplification but by the level of noise and instability of the object. The level 
of noise can be reduced and the sensitivity of the apparatus thereby increased by nar- 
rowing the band width of the impedance channel, but this is desirable only with use 
of the apparatus for measuring the impedance components of the biological specimen. 
In investigating the course of the changes in these components in conditions in which 
the process of excitation shows rapid development, reduction of the band width leads 
to increased distortions in the form of the impedance spike (increase in the delay and 
rise times), which complicates analysis of the time relations. 
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Fic. 3. Circuit diagram of resonance amplifier. 


The amplifier is accumulator-fed to reduce interference from the induction of 
the alternating current. The circuit diagram of the amplifier of the second channel 
is given in Fig. 4. The amplifier has three-stage amplification with resistances assembled 
as in a Duplex balance on 6 Zh8 valves. The width of the band pass from 40c/s to 
25 ke/s is sufficient to reproduce the curve of the action potential of the nerve without 
distortions. The output of the amplifier is connected directly to the vertical plates 
of the second beam of the oscilloscope. Amplification is smoothly regulated by means 
of potentiometers incorporated between the anodes of the valves of the first and second 
stages. The maximum coefficient of amplification is 200,000. To reduce induction 
the filament of the amplifier is fed by accumulators and the anode by dry batteries. 

The apparatus is constructed in the form of individual units, a design which is very 
convenient in research work since it enables one to improve on an individual unit 
during the investigations. To remove interference by inductions of the a.c. network 
each of the units is enclosed in a separate aluminium or galvanized iron casing. All 
the connexions between units are by means of co-axial joints and RK-1! cable. 
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To verify the accuracy of the indications given by the apparatus we use a range 
of constant resistances of the BC type measured on a d.c. bridge with an accuracy of 
0-1 per cent. By means of such a collection of resistances, simulating the resistive 
component of the object, it is possible to correlate the indications of the apparatus 
with the true values for the resistances with introduction of corrections in determining 
the absolute values of the resistive component. 


CONCLUSIONS 

The high sensitivity and low time constant of the apparatus described above with 
utilization of the amplitude method make possible analysis of the course of very small 
changes in impedance in various cellular processes showing very rapid development. 
An important consideration is that the action potential of the nerve may be recorded 
in parallel since work carried out in recent years has shown that such combined in- 
vestigations can provide the basis for solving certain important problems involved 
in the process of excitation of the nerve. 


Translated by A. Crozy 
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LETTERS TO THE EDITOR 


ELECTRON MICROSCOPIC STUDY OF PHAGE LYSATE OF 
BACILLUS MYCOIDES |\RRADIATED WITH ULTRASONIC 
WAVES * 


A. S. TIKHONENKO and I. YE. EL’PINER 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow, 
and Laboratory of Electron Microscopy, Academy of Sciences of the U.S.S.R., Moscow 


(Received 3 March 1959) 


ULTRASONIC waves not only have a bactericidal action but also inactivate viruses, 
phase, and enzymes [1, 2]. The mechanism of this action is, however, still largely un- 
known. There are grounds for believing that in irradiated aqueous medium damage 
to biological specimens or disturbances in their functions may be produced by both 
mechanical forces and electrochemical processes. In addition, it has been shown 
that the electrochemical processes, expressed in the appearance in the irradiated aqueous 
medium of the break-down products of the water molecules (H and OH), predominate 
only when the biologically-active test substances (enzymes, vitamins, etc.) have a rela- 
tively low or medium molecular weight. As for the macromolecules or macromolecular 
complexes forming part of the submicroscopic structures of animal or plant cells, 
their degradation observed in the field of ultrasonic waves is most probably brought 
about by mechanical processes [3, 4]. Apparently, ultrasonic inactivation of viruses 
is also always preceded by mechanical rupture of these structures into separate fragments. 
We arrived at these conclusions after a study of the activity of certain phages subjected 
to ultrasonic irradiation in conditions which excluded an oxidizing effect of the ultra- 
sonic waves [5]. 

The present communication shows that for a given loss in activity of the phase 
lysate of Bacillus mycoides produced by ultrasonic waves, quite gross destruction is 
observed in the morphological structure of the irradiated phage. 


METHODS AND RESULTS 
We used a filtered phage lysate of B. mycoides prepared on meat-peptone broth. 
The initial titre of the phage lysate was 10!0 particles per mm3. Meat-peptone broth 
and a filtered gramicidine-lysate of the cells of B. mycoides served as controls. 
Irradiation of the phage and gramicidine lysates and meat-peptone broth was 
by @ piezo-quartz generator. The frequency of the ultrasonic vibrations was 700 kc/s 
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and the intensity 2-3 and 6-7 W/cm2 of the radiating surface. The diameter of the 
piezo-quartz plate was 5cm. The irradiation time was varied between 10 min and 2 hr. 

The test material was freed from impurities by the method of droplet dialysis [6], 
and from the material purified in this manner preparations were made for electron 
microscopy by air drying and shadowing with chromium. A UEM-100 electron micros- 
cope was used for the investigations. The lytic activity of the phage lysates was deter- 
mined by the method of Appleman. 

It should be noted that the lytic activity of the irradiated phage lysates usually 
fell by three or four orders of magnitude, i.e. to a titre of 10°10’. Only in two tests 
made with an intensity of the ultrasonic waves of 6-7 W/cm? (duration of irradiation 
75 and 120 min) did the activity fall to 10'-102. In a further three tests with the same 
conditions of irradiation the activity fell to 10°. 

The electron microscopic investigations showed that the irradiated phage particles 
differed appreciably from the unirradiated (Fig. 1). Even on irradiation of the phage 
lysates for 10, 20 or 30 min (intensity of ultrasonic waves 2-3 W/cm?) only a small 
fraction of the phage particles was morphologically unchanged. The remaining mass 
of phage particles was extensively destroyed as seen in the flattening of the heads of 
the tailless phage particles which were more transparent in the electron microscope 
than the intact ones. The flattened heads of the irradiated phage had an uneven and 
sometimes bumpy surface. 

The tails disjoined from the heads were rod-shaped. Some of them had approxima- 
tely the same thickness over their entire length (about 30 my), which corresponded to 
the thickness of the tail of the normal intact phage. In other tails ripped off by ultrasound 
one end of the tail was thinner with a thickness of about 10 my and was denuded of 
the so-called tail core. Sometimes the cores were completely without sheath. Rod- 
shaped elements appeared in the preparations, the length of which corresponded to 
the length of a tail and the thickness to that of the core (10 my, Fig. 2). It should be 
noted that the core was often exposed at the distal end of the tail in the controls. 

More massive destruction of the phage occurred with longer periods of irradiation 
of the phage lysates (75 and 120 min). In these lysates there were no morphologically- 
intact phage particles visible in the electron microscopic preparations. The heads 
of the irradiated phage resembled the ghosts or empty membranes described by many 
workers [7, 8]. In such preparations flattened heads were seen with frayed edges and 
some of the heads appeared to be almost completely destroyed. In addition there 
apparently occurs separation of the core of the tail from its covering sheath, for in 
the preparations unsheathed cores and sheaths without protrusion of cores were ob- 
served. 

In some cases, thread-like structures were seen which were of the same thickness 
as the core but much longer; some still retained the remnants of a sheath (Fig. 3). 
These structures were not destroyed by DNA-ase and resembled the thread-like forma- 
tions in the phage lysates of B. mycoides subjected to high pressure [9]. 

The DNA-ase tests were carried out in the following manner. The broth con- 
taining the phage lysate was divided into two equal portions after irradiation. To 


| 
| 
A 
| 


Fic. 1. 
\ 
: 
4 Fic. 2. 


Fic. 4 
<4 
Fic. 5. 
> 


Letters to the editor 121 


one DNA-ase was added to give a final concentration of 50 y/ml and both tubes 
were left for 2 hr at 37°, after which aliquots were taken for electron microscopy. The 
results compel us to assume that the thread-like structures either take part in the for- 
mation of the body of the given phage and that they are liberated as a result of action 
of various agents on the phage, or that these structures are produced by aggregations 
of individual elements (cores?) and disintegrating phage particles (Fig. 4). 

The structures found both in the irradiated phage and gramicidine lysates of 
B. mycoides are of particular interest. These structures resembled tangled clumps 
of fine threads intertwined to form thick strands (Fig. 5). In the unirradiated control 
preparations of the phage and gramicidine lysates these structures could not be found. 
Nor were they to be found in the irradiated meat-peptone broth. They were not destroyed 
by DNA-ase. The nature of these formations arising apparently as the result of aggre- 
gation of substances liberated by lysis of the bacterial cells still remains unexplained. 


SUMMARY 
(1) Ultrasonic waves produce not merely a fall in the number of active phage 
particles in a phage lysate but also extensive structural changes. 
(2) Electron microscopic studies showed that a distinguishing feature of the head 
of the phage is its high sensitivity to ultrasonic waves which even with small exposure 
times (10 min) is flattened and becomes transparent in the electron microscope. 


Separation of the tail from the head and liberation of the core of the tail from its 
covering sheath occur with comparative ease under the influence of ultrasonic waves. 


(3) In the irradiated phage and gramicidine lysates of B. mycoides, formations 
were found consisting of fine threads not destroyed by DNA-ase. It is postulated 
that these structures are formed as a result of ultrasonic aggregation of substances 
liberated by lysis of the bacterial cells. 


(4) There are grounds for believing that the fall in phage activity due to the effect 
of ultrasonic waves is brought about by disturbances in the intactness of the phage 
particles, although it cannot be excluded that it is connected with destruction of the 
phage sub-units responsible for phage activity. 

Translated by A. Crozy 
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AERODYNAMICS OF FIGURE FLIGHT IN BIRDS * 
V. E. LAKosi 


Severtsov Institute of Animal Morphology, Academy of Sciences of the U.S.S.R., Moscow 


(Received 4 December 1958) 


THE aerodynamics of figure flight in birds has not previously been studied, despite 
the fact that an indication of the limits and possibilities of bird wing function is of 
undoubted interest in connexion with the attempts to construct aircraft with flapping 
wings. The ability of certain breeds of pigeons to somersault in the air (the home of 
these pigeons was India and they were introduced into Europe about 1855) has long 
been known. However, there is a paucity of aerodynamic information on this pheno- 
menon. Many pigeon fanciers on the basis of their observations on these somersaulting 
pigeons (Tumblers) have come to the conclusion that somersaulting — the turn - 
usually occurs from the head backwards. 

In Levi’s monograph [1] stills from motion pictures are reproduced of somersaulting 
pigeons which confirm that the turn is in fact effected in this manner. Unfortunately, 
these motion pictures cannot be treated and used in the study of the mechanisms of 
flight and the flight indications of the turn. To clarify the dynamics of the somersault 
or the “combat” of the pigeon (somersaulting pigeons are known as combat pigeons) 
and the functioning of the organs of flight during the somersault, we took a motion 
picture of the figure flight of the feather-footed pigeons which are now widespread 
in the Caucasus. The motion picture, taken from the side of a somersault of the pigeon, 
made at a speed of 48 frames/sec made it possible to plot the trajectory of flight, to 
establish the speed of flight during the turn of the pigeon and bring out the functional 
details of the wings and tail in the different stages of the turn. Figure | reproduces 
drawings made from the motion pictures of the somersaulting pigeon. Figure 2 shows 
the trajectories of the movement of the eye of the bird, and the base and tip of the tail. 
The pigeon executed a turn and then landed. The speed of flight immediately before 
the turn was low — about 5-0—-7-8 km/hr. During the turn in which the bird overturned 
onto its back, the speed of the movement of the head rose to 19 km/hr. After the turn, 
and before landing, the speed of flight was a little higher than before the turn — 
8-0-11-8 km/hr. The fall in speed observed before the turn was apparently related to 
the rapid and deep forward sweep of the wings at this moment (Fig. 1, frames /0-—/2). 
The wings here act as the main brake of flight. This sweep before the turn is sometimes 
so strong that the wings crash together with characteristic sound. The tail, which at 
this time was directed somewhat forward (Fig. 2, points /-7) and splayed (Fig. 1, 
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frames /-7) thereby increasing the drag, is of great importance in braking the flight 
before the turn. The pivotal axis of the body of the bird during the turn was at first 
close to the base of the tail — this is clear from the fact that the distance covered by 


Fic. 1. 


the eye of the bird is greater than that covered in the same period of time by the base 
of the tail. During the three moments (Fig. 2, points /0—/2) there was scarcely any 
movement of the base of the tail. On the other hand, at the end of the turn, starting 
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from point /3 (Fig. 2) the movement of the eye slowed down and that of the base of 
the tail accelerated. This indicates that the pivotal axis had shifted towards the head. 
The wings, which at the start of the turn moved forward and assisted in the backward 
somersault, were slightly folded during the turn (Fig. 1, frames //—/3). In such a semi- 
folded position their drag was minimal thereby facilitating the turn. Because of the 


19°, 


Fic. 2. 


fact that at the start of the turn, the bird by a sweep of the wings changed the position 
of its body from the horizontal (the angle of the axis of the body to the horizontal 
reached 46°), the centre of gravity passed into an unsteady position, so facilitating 
the turn. In the vertical position of the body (Fig. 1, frames 8-9) the wings which 
were stretched upwards deprived the bird of stable balance and accelerated the turn. 
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On coming out of the turn, from that point at which the bird was head downwards 
(Fig. 1, frame /4) the wings started to open, so returning the bird to a steady position. 
To restore balance the spread of the wings was incomplete and may be termed adjusting. 
During the turn the tail was passively curved upwards and backwards almost at right 
angles to the trunk, by the pressure of the air (Fig. 1, frames //—/3) and it followed 
the air flow thereby reducing the drag and facilitating the turn. In addition, by con- 
traction of the muscles regulating its movement, the tail, was slightly folded during 
the turn (starting from frame 8 in Fig. 1). During the turn the air pressure on the 
extreme feathers was apparently greater than on the centre ones so that the extreme 
feathers curved more than the centre ones and the tail assumed a U-shape (Fig. 1, 
frame /2). 


Fic. 3. 


The tufts of feathers on the legs of feather-legged pigeons apparently make little 
difference to the pigeons’ ability to somersault since Tumblers do not have tufted 
legs. Tufted pigeons with less developed tufts sometimes somersault better than those 
with more highly developed tufts. Young tufted pigeons with fully-developed and well- 
marked tufts start to somersault only after they have been flying for a certain length 
of time with somersaulting pigeons. According to the observations of the pigeon 
fancier Sergeyev (Piatigorsk) pigeons with large tufts fly badly and the tufts should 
therefore be trimmed somewhat. It should also be noted that, occasionally, bare-legged 
pigeons somersault and that therefore the tufts are not a determining factor in whether 
or not a bird somersaults. The opened tufts when the feet are stretched forwards may 
play a certain role in braking the bird before somersault, when it assumes an inclined 
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position or as pigeon fanciers say “sits on its tail”. “Landing” on the tail may be the 
first phase of the turn (Fig. 1, frames 4-9). At first young birds can only “sit on their 
tail” and only after this do they begin to somersault. It sometimes happens that combat 
pigeons only stand up on their tail and do not execute a somersault. The possible 
reason for this is that they have not been able to brake their flight sufficiently nor 
can they come to a position inclined to the horizontal in which the change in the relation 
of the centre of gravity to the centre of pressure produces a torque which thrusts the 
bird backwards. 

Examination of, a second motion film of the somersault of a pigeon, which did 
not land as in the above case, but continued its horizontal flight, showed a number 
of similar features in the movements: before the turn there was braking of flight (speed 
of flight dropped to 1-5-2-0 km/hr and was 14 km/hr during the turn) and then landing 
on the tail (the angle of the axis of the body to the horizontal before the turn was 49°). 
The pivotal axis of the bird at the start of the somersault, as in the previous case, was 
closer to the tail and at the end was closer to the head. The difference between this 
turn and that considered above is that the bird pivoting about the head rose slightly 
higher than the former level (approximately 5 cm). Visual observations on somer- 
saulting pigeons have shown that after the turn they continue their horizontal flight 
at the same height as before. 

In conclusion, we append a figure (Fig. 3) describing the flight of Aguila pennata 
Gm. taken from the drawings of Fenenko [2]. The position of the wings and the trunk 
of the bird in certain stages of this turn are the same as for somersaulting pigeons. 


SUMMARY 


(1) Before executing a somersault the speed of flight of the pigeon is reduced 
sharply to 2-5 km/hr. During the turn the head moves at a speed of 19 km/hr. The 
angle of the axis of the body to the horizontal increases and after raising its wings the 
bird “sits down on its tail”. It then turns over onto its back folding its wings. 

(2) The pivotal axis of the bird at the start of the turn is near to the tail and at 


the end of the turn closer to the head. 
Translated by A. Crozy 
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LAG OF THE IMPEDANCE EFFECT BEHIND THE ACTION 
POTENTIAL IN FROG NERVE TRUNK * 


Ye. V. BURLAKOVA, B. N. VEPRINTSEV and I. T. Rass 


Faculty of Fundamental Biology, Lomonosov State University, Moscow 


(Received 21 June 1958) 


CoLe and Curtis clearly demonstrated [1, 2] the lag of the impedance effect behind 
the spike of the action potential for the alga Nitella and the giant axon of the squid. 
However, similar work carried out by Tasaki [3] and Tasaki and Freygang [4] on the 
isolated myelinated fibre of the toad indicated that the time course of both the action 
potential and the impedance changes were simultaneous. The findings of Chailakhian 
obtained on the common trunk of the sciatic nerve of the frog (5) also confirmed the 
simultaneity of the changes in impedance and action potential. 

Analysis of the data given in these papers shows that while a lag in the impedance 
effect exists for the myelinated nerve, it is insignificant and may lie within the limits 
of the time constant of the amplifier of the indicator channel of the bridge. Thus, 
the problem of the time relations of the action potential and impedance effect on 
excitation remains unclear. This problem may possibly be solved in one of two ways. 
The first is to attempt to perfect the apparatus by reducing the time constant of the 
amplifier, but this is not a very rewarding course since it involves lowering the sensiti- 
vity of the bridge. The second is to retard the process of nervous excitation to such 
a degree that the time constant of the amplifier no longer plays a fundamental role 
in the evaluation of the time parameters of the nerve impulse. We decided to adopt 
the second course and to investigate the changes in the relations between the time of 
appearance of the impedance effect and the start of the action potential in relation 
to temperature. 


METHODS 


The impedance of the nerve on excitation was measured by the unbalanced bridge 
method on an apparatus already described in an article by Chailakhian and lur’ev [5]. 
The voltage supply to the bridge was about 150-200 mV at a frequency of 35 kc/s. 
The delay time of the pulses in the indicator channel of the bridge, i.e. the time elapsing 
between the start of the appearance of a square pulse of voltage at the amplifier input 
and the moment of appearance of half the stationary amplitude at the amplifier output, 
was of the order of 200 usec. The sensitivity of the apparatus was quite high and allowed 
clear recording of the changes in impedance of the order of 0-02-0-05 per cent. 
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The common trunk of the sciatic nerve of the frog (Rana temporaria) was chosen 
as test object. The choice of the nerve trunk and not a single fibre was prompted both 
by the methodological difficulties encountered in work with single fibres and by the 
absence of any essential differences between the single fibre and the nerve trunk as, 
in this instance, it was sufficient to record the start of the initial rise of the action 
potential and the impedance effect. 


25 


Fic. |. /, 3, electrodes for recording action potential; 2, 3, impedance electrodes: 
4, 5, stimulating electrodes. 
The tests extended from early March to the middle of May 1958. The test frogs 
were kept in a refrigerator at a temperature close to zero. The nerve trunk was dissected 
out by the usual method and kept in Ringer solution for 30-50 min before the start 
of the experiment. The surplus Ringer solution was then removed with filter paper 
and the nerve, dried in this way, placed on the electrodes in a humid chamber. 
The humid chamber was a double-walled glass cylinder connected by tubing to 
a Vobzer ultrathermostat. The thermostat fluid was passed between the chamber walls 
at a definite temperature which was measured by means of a mercury thermometer, 
inserted between the double walls of the chamber, with an accuracy of up to 0-5. 
On passing from one temperature to another, the internal temperature of the chamber 
was kept constant for 25-30 min. 


Fic. 2. Action potential and impedance effect. A, at 10°: B, at 20°. 
[he stimulating, recording, and impedance, electrodes were fixed on a frame of 
organic glass [sic] within the chamber. The arrangement of the electrodes is given 
in Fig. |. The nerve was stimulated by square electrical pulses from a GRAKH-1 
generator with a frequency of 40 c/s and duration of 1-5» 104 sec. The threshold 
of excitability of the nerve was determined for each temperature and twice the threshold 
value taken as the height of the stimulating pulse. The action potential and impedance 
effect were photographed separately from the oscillograph screen to avoid superim- 
posing the voltage supply of the bridge on the action potential curve. Several photo- 
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Fic. 3. Temperature variations 

in latent periods of action po- 

tential and impedance effect. 

Curves are plotted from results 

of 13 tests. 1, impedance effect; 
2, action potential. 


Fic. 4. Difference between latent 

periods of ,impedance effect and 

action potential as a function of 

temperature. Curves plotted from 
results of 6 tests. 
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graphs were taken for each temperature. Sinusoidal oscillations at a frequency of 2, 
2-5 and 3 ke/s supplied to the second beam of the oscillograph served as the time marking. 


The distances between the start of the stimulating pulse to the origin of the action 
potential and to the start of the impedance effect were measured on the oscillograms 
so obtained. The duration of the latent periods of both potential and impedance effect, 
i.e. the time lapse from the moment of stimulation to the start of the action potential 
and impedance effect, could be calculated by comparison with the curves of the time 
signal. The lag of the impedance effect behind the action potential was determined 
as the difference between their latent periods. The relative error on measurement 
of the time characteristics was about 10 per cent. 


RESULTS 


A total of 13 tests was made and the results of all tests showed good agreement. 
On lowering the temperature, the latent periods of both action potential and impedance 
effect rose. The lag of the impedance effect behind the action potential at 20-30° was 
close to the delay time of the pulses in the indicator channel of the bridge 0-2 msec. 
As the temperature was reduced, this value rose on average to 0-5 msec at 10° and 
0-8 msec at 5. All the results were treated statistically. They are given in the Table. 


TABLE | 
Difference 
Temperature Measured value of sod in latent | 
of latent period OSCI tent perio periods 
CC) measured 
| (Maite + Maite) 
5 Action potential 13 | 2524 0-048} 0-69 0-056 12-3 
Impedance effect 13 3-21. 
10 Action potential 41 1-744 0-025} 0-44 4.0-044 10-0 
Impedance effect 41 2-18+0-036] | 
20 Action potential 38 | 1074 0-015] | 0-24-+.0-044 5-4 
Impedance effect 41 1-31 +0-042] 


The data in the Figures and Table | clearly show that the difference between the 
latent periods of the impedance effect and action potential changed with temperature 
and that a reduction in temperature led to an increase in the difference between them. 


hese results are in agreement with the existing views on the course of the develop- 
ment of the process of excitation [6]. They indicate the universal applicability of the 
phenomenon of the lag of the impedance effect found by Cole and Curtis for Nitella 
and the giant axon of the squid [1, 2]. They are, however, inconsistent with the data 
of Tasaki [3] and Tasaki and Freygang [4]. This is all the more interesting since Tasaki 
and Freygang investigated the time relations of the impedance effect and action poten- 
tial at the relatively low temperature of 3-5. It is difficult at present to explain the 
divergence between their findings and ours. 
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SUMMARY 


The lag of the impedance effect behind the action potential has been demonstrated 
for the myelinated frog nerve. At 20-30° the lag approximates in time to the delay 
of the signal in the indicator channel of the measuring bridge, increasing as the tem- 
perature is lowered to a value several times greater than this delay time. 


Translated by A. Crozy 
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DOUBLING THE COMMUNICATION CHANNELS IN THE 
VISUAL ANALYSER * 


V. D. GLezer and I. Il. TSUKKERMAN 
(Received 27 February 1959) 


THE simplest model of the discriminatory process in threshold experiments involves 
the comparison of two distinct quantities (such as numbers of neurone pulses). Were 
it not for noise, one single pulse would be sufficient to register a threshold. In fact, 
because of the noise, the comparison undergoes random fluctuations and the threshold 
becomes blurred. 

There is, however, the possibility that one and the same message (for example, 
the variation of the discrete quantities during identification of the threshold) is applied 
simultaneously to two communication channels. In such a case, according to a well- 
known statistical law, the relative scatter decreases by a factor of } 2. One may expect 
that the threshold will then also decrease by the same factor. This is actually observed 
in the study of binaural hearing (see [1], where this phenomenon is explained with 
the aid of statistical theory). 

A similar regularity appears in vision. The binocular acuity of discernment is 
1-3-1-4 times greater than that of monocular [2], binocular sensitivity to contrast 
is greater than that of monocular by 0-15 “logarithmic units” [3], and binocular absolute 
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light sensitivity is greater than that of monocular by 20-40 per cent [4]. In all these 
cases, in passing from monocular to binocular observation the threshold falls by a factor 
of y/ 2 (or somewhat less when the doubling of the channels is, for some reason or 
other, incomplete). 

These considerations can be extended to the case of simultaneous action of a number 
of channels (nerve fibres) when one and the same light stimulus activates several 
independent funtional units of the retina —i.e. several receptor fields. Inside a single 
receptor field we have 7S = const. (where / is the threshold intensity and S is the area 
stimulated); i.e. there is local complete summation. If the stimulus activates n receptor 
fields the threshold must fall by a factor of j/ y in comparison with the threshold of 
one receptor field. Since S is approximately proportional to n, the threshold falls 
by a factor of j/§. This accords with Ricco’s well-known law, /)/S = const. Discre- 
pancies are observed; they arise when the duplication of channels is incomplete. Work 
of one of the present authors [5] shows that the discrepancies are such that the exponent 
of S changes from } to 0 according to the region of the retina stimulated and the indivi- 
dual characteristics tested. In the transitory presentation of a visual stimulation, 
the exponent is }. 

In a similar way it is possible to examine the well-known rule of intermittent sum- 
mation. In a brief interval of duration less than a critical value f,, a complete summation 
occurs and follows the law /t = const. (where ¢ is the time for which the stimulus is 
presented). If, however, ¢ = nt, then the threshold falls by a factor of y/n or less. 
Translated by D. ROSEN 
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THE NATURE OF ACTION POTENTIALS * 


E. A. LIBERMAN and L. M. CHAILAKHIAN 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 


INTRODUCTION 


Tue elucidation of the nature of nerve impulses is one of the most important problems 
of modern biophysics. Experimental material obtained over the past twenty years 
clearly shows that the propagation of nerve impulses is effected by the flow of an electric 
current between the excited and unexcited parts of the nerve fibre. This view of the 
mechanism of the movement of excitation waves, known in physiology as the theory 
of local currents, received important support in work on the investigation of the electrical 
properties of excitable fibres. This work showed, on the one hand, that the surface 
layer of nerve and muscle fibres has a resistance millions of times greater than that 
of the remaining protoplasm; that is, these fibres have a cable-like structure. On the 
other hand, it was shown that the surface of an excitable fibre is polarized and the 
interior of the cell has a negative potential of about 60-90 mV with respect to the 
external solution; and important facts were revealed suggesting that the determining 
factor in the transition from the resting to the excited state is the reduction of this 
potential difference by 10-30 mV to a critical level. 


When the critical depolarization level of the surface layer is reached, the resistance 
of this layer falls sharply and electrical impulses are generated. The amplitude of the 
potential generated amounts to 100-130 mV. Local currents arise between the excited 
and unexcited regions and these lead to depolarization of the membrane of adjacent 
unexcited regions, the level of the depolarization being much higher than the critical 
value (safety factor). 

Thus, the idea that the electric current generated in the membrane on excitation 
plays a leading part in the transmission of excitation waves from region to region 
is accepted at the present time. It is clear, therefore, that the question of the mechanism 
of the generation of the electric current is one of the most important in the general 
problem of excitation. But the mechanism by which the electrical generator in the 
membrane operates during excitation is the mechanism of the action potential; for 
this reason, this review is devoted to an examination of the main modern views on 
the nature of the action potential. 


* Biofizika 4: No. 5, 622-639, 1959. 
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BERNSTEIN’S HYPOTHESIS 


Bernstein's hypothesis [1, 2] was one of the first on the mechanism of action poten- 
tials. According to this hypothesis, the nature of action potentials is inseparably linked 
with the nature of resting potentials. Bernstein explained the initiation of the action 
potential in the following way. At the moment of excitation the membrane of the 
nerve or muscle fibre loses its semi-permeability and becomes equally permeable to 
all ions; the magnitude of the membrane potential in the resting and excited states 
can be expressed quantitatively by the Nernst equation for the diffusion potential 


(1) 


where Ey, is the membrane potential, R the gas constant, 7 the absolute temperature, 
F Faraday’s constant, uv and y, respectively, the mobilities in the membrane of the cations 
(K,) and the anions:* and [K,], and [K;], are the corresponding internal and external 
concentrations of the permeating cations. For the resting state the hypothesis supposes 
that v = 0 and that the membrane is impermeable to sodium ions; consequently 
equation (1) takes the form 


RT [K le 
n 
[KF], 


where [K°], and [K°], are the potassium concentrations. 

It was further supposed that the mobility of the anions in the membrane during 
excitation is not zero; as a result, the membrane potential in the excitable part of the 
nerve falls and the external membrane surface becomes negative with respect to the 
resting membrane. The changes in permeability accompanying excitation are of short 
duration and the negative effect produced rapidly rises and falls with time, and is 
reflected in the action potential. Thus, the main idea of Bernstein’s hypothesis is that 
the action potential results from the transfer of the potential energy of the ionic gradient 
into a rapidly moving ionic current. 

The concrete nature of Bernstein’s hypothesis of action potentials gave it con- 
siderable advantage over other points of view. Later, one of the main principles of 
the hypothesis was confirmed experimentally: it was observed that an increase of short 
duration occurred in the permeability of the membrane during excitation [3, 4). 
Moreover, an important fact in support of this hypothesis was pointed out by several 
authors who noted an outflow of potassium and phosphates from the cell during 
excitation [5-11]. 

However, when it became possible to measure absolute values of action and resting 
potentials with sufficient accuracy, it was found that the action potential greatly exceeded 
the resting potential [12-19]. In the papers cited, in which work was carried out on 
various objects, it was invariably shown that the action potential is about 1-5 times 


* Bernstein’s theory does not specifically indicate the nature of the anions, but it was supposed 
that the anions PO4 play an important part in excitation. 
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the resting potential in excitable processes. This fact was in sharp disagreement with 
Bernstein’s hypothesis, according to which the action potential could never exceed 
the resting potential; at most it could only equal it, and then only in extreme cases 
when v (permeability to anions) becomes equal to u (permeability to potassium* ions) 
[2]. In other words, it was shown that what really occurs is not simply depolarization 
of the membrane, as was supposed by Bernstein and his followers, but reversal of 
the membrane potential; in the excited state the internal side of the membrane becomes 
positively charged with respect to the external side. 


MODERN HYPOTHESES 


Soon after the appearance of these new facts a number of hypotheses were put 
forward which tried to explain the “excess” phenomenon, or the excess of the action 
over the resting potential, within the framework of a modernized Bernstein theory. 
One of the first of these was the hypothesis of Curtis and Cole [15], which showed 
that if an equivalent membrane circuit be considered similar to that shown in Fig. | (a), 


Polar groups 


Fic. |. Diagrams relating to hypotheses that attempted to explain the excess of the 
action potential over the resting potential within the framework of Bernstein's 
hypothesis. 


the “excess” phenomenon can be explained by postulating the presence of inductive 
as well as capacitative elements in the electrical circuit of the membrane. In this case, 
the excess of the action over the resting potential could be regarded as a consequence 
of overcharging of the capacitance after the main discharge, due to the sudden decrease 
in the active membrane resistance. It appeared that the introduction of an inductive 
element into the circuit was confirmed by a number of studies [20, 21] in which oscilla- 
tion of the membrane potential was observed with subthreshold current impulses. 
These oscillations could be explained by the presence in the system of inductive elements 


* The possible hypothesis that V could become greater than uw during excitation has not been con- 
firmed experimentally. 
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of the order of 0-2 wH.* However it was later shown [22] that these oscillations of the 
membrane potential could be observed only very rarely, but the “excess” is observed 
with all good preparations and in the absence of any oscillations. 

Hodgkin and Huxley [13] are the authors of another hypothesis. They postulated 
the presence of a series capacitance in the membrane. The essential feature of this 
hypothesis is depicted in Fig. | (6). The potential difference across the membrane 
in the resting state would be 


It was further supposed that during excitation E becomes zero and 
Er 
R-r 


in the first moment is equal to the potential difference at the capacitance. However, 
this hypothesis has not been confirmed experimentally. 

It has also been suggested that at the moment of excitation the dipole structure 
of the membrane is suddenly destroyed and reversal of the membrane potential occurs 
because of rotation of polar molecules (Fig. | (c)). This point of view was very popular 
in the forties and was developed as the most likely hypothesis by Rubinshtein [23]. 
However, the hypothesis was in sharp disagreement with the results obtained by Cole 
and Curtis [3, 4], who showed that the capacitance of the membrane remains practically 
unchanged during excitation. None of the hypotheses mentioned above has been 
confirmed experimentally; towards the end of the forties they were abandoned and 
are now only of historical interest. 

Because the action potential significantly exceeded the membrane potential, many 
research workers were forced to speak of a crisis of the membrane theory [23-26]. 
Right up to the present time, the advocates of the phase theory of bioelectrical potentials 
consider this fact to be a decisive argument against an explanation of the origin of 
biopotentials on the basis of the membrane theory [23]; unfortunately, no specific 
mechanism that would explain potential reversal within the framework of the phase 
theory has been considered up to now. 

According to the phase theory, the excitation process does not differ qualitatively 
from the process of injuryt, and the action potential is an expression of the interphase 
potential between the part of the protoplasm which is in a state of rest and the “aqueous” 
phase of the excited part. 

However, the hypothesis does not satisfactorily explain the magnitude of the action 
potential [27] and it is incapable of yielding a quantitative expression for the action 


* With excitation, as with injury, the protein-clectrolyte complex decomposes and for a short 
period the protoplasm loses its phase properties. Unfortunately, in the phase theory, the idea of a 
phase is not used in its rigorous thermodynamic sense. 

Tt The hypothesis has also been put forward that these effects might be connected with the piezo- 
electric properties of the membrane. 
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potential. Also, the explanation given by the advocates of the phase theory as to why 
the interphase and diffusion potentials between excited and resting protoplasm are 
significantly greater than between damaged and undamaged protoplasm cannot be 
considered satisfactory, since it is supposed that there is a boundary between the 
aqueous and non-aqueous phases of the protoplasm. Finally, even if suitable values 
are postulated for the potentials mentioned above so as to obtain the observed changes 
in the sign of the potential on excitation, then, within the framework of the phase 
theory (Fig. 2) it is difficult to explain the registration of the action potential in the 


t 


Lt, 


t; 


Fic. 2. Diagram illustrating the hypothetical two-phase potential which should occur with monophasic 

recording from the point of view of the phase theory. 1; — time preceding arrival of excitation wave 

under first electrode; ft, — excitation wave under first electrode; ft; — excitation wave has passed 
first electrode. 


form of a single-phase curve. Actually, if it is supposed that one of the recording 
electrodes be on the injured region, then from the point of view of the phase theory 
a second phase of the action potential would be expected to appear in the form of 
a short increase in the “injury” potential. Under these recording conditions, the 
membrane theory (Fig. | (4)) predicts a single-phase action-potential curve. Obviously, 
in order to explain the observed shapes and magnitudes recorded for the action poten- 
tial, the phase theory would need to be substantially modernized. 

In principle, the excess of the action potential over the resting potential in a particular 
case cannot be considered as a contradiction of the membrane theory; it merely refutes 
one of the specific variants of this theory, namely, the action-potential mechanism 
proposed by Bernstein. 

In should be mentioned that there are a group of hypotheses in which the action 
potential is considered to be a direct consequence of a short intensification of meta- 
bolism [28, 29]. However. these hypotheses do not really give a quantitative expression 
for the action potential, or a specific mechanism for its generation and they cannot 
therefore be considered in this review. 

At present, the membrane theory, which considers the internal part of the fibre 
as an aqueous solution of free ions, Na’, K*, Cl~, and other complex anions, remains 
the most highly developed and soundly based. It is supposed that the internal solution 
is separated from the external aqueous solution by a membrane which exhibits differences 
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in permeability to different ions. It has been established by the method of labelled 
atoms that the surface layer of the fibre — the membrane — is permeable to a greater 
or lesser degree to K ,Na and CI. Toafirst approximation, the observed distribution 
of K~ and Cl~ between the external and the internal solutions can be related to the 
presence of a potential difference on the membrane. In order to explain the distribution 
of sodium ions within the framework of the membrane theory, it is necessary to postulate 
“extraneous” forces in the form of sodium pumps, which actively pump sodium from 
the inside to the outside of the fibre. This idea has been described in detail in a previous 
review [27]. The nature of these sodium pumps has not yet been established, but 
materials are known, for example frog skin, in which the active transfer of sodium 
has been demonstrated by direct experiments [27]. 


THE SODIUM HYPOTHESIS 

In 1949 a paper appeared by Hodgkin and Katz [30] in which the authors, in co- 
operation with Huxley, gave a simple and convincing explanation, based on the mem- 
brane theory, for the excess of the action potential over the resting potential. The main 
idea is that during excitation there occurs not simply a general increase in permeability. 
as is supposed in Bernstein's hypothesis, but a specific sharp increase in the permeability 
to sodium ions alone in the first moment of excitation. The membrane in the resting 
state is more permeable to potassium ions, and consequently behaves to a certain 
approximation as a potassium electrode; for this reason, the value of the membrane 
potential, E, during the resting phase is determined by the equation 


RT [K 


| 3 
n IK |, (3) 


Ey = 
If the permeability to sodium ions should rise so much during excitation as to greatly 
exceed the permeability to potassium ions, then the membrane potential would be 
determined by the sodium-ion gradient. The membrane in the excited state would 
behave as a sodium electrode, and correspondingly to a first approximation: 


RT 


| (4) 
F [Nat], 


Ey = 
where [Na‘], and [Na ], are the corresponding internal and external sodium con- 
centrations. Since the sodium gradient is in the opposite direction to the potassium 
gradient, the sign of the membrane potential changes. 

This hypothesis had the great advantage that it could be checked experimentally. 
It should be mentioned that when it was put forward experimental material to which 
it could be applied had already accumulated. As early as 1902, Overton [5] obtained 
results showing that muscle loses its excitability in a medium in which the sodium 
content is 10 per cent below the normal concentration. This was later confirmed on 
various materials by many research workers [19, 31-36]. 

An important proof of the sodium hypothesis lies in the facts illustrating the effect 
of different concentrations of sodium in the external solution on the rate of increase 
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and on the amplitude of the action potential. Thus, it was shown in a number of in- 
vestigations on nerve, muscle and heart fibres [17, 19, 30, 34] that a reduction in the 
external concentration of sodium having little effect on the magnitude of the resting 
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Fic. 3. Change in membrane potential in resting state (/) and in excitation state (2) 


when external concentration of sodium ions is reduced [47]. Ordinate — membrane 
potential. Abscissa — concentration [Na ]. 


potential reduces the “excess” potential practically in proportion to the logarithm 
of the external sodium concentration (Fig. 3). Figure 3 shows that the experimental 
points lie on the line which corresponds to the expression 


[Na 


Eresr — Epincer = 58 [N (5) 


lresr 


where Eresy and Epiygep are the corresponding maximum potential differences across 
the active membrane in the experimental and control solutions. This change in the 
action potential is a weighty argument in favour of the idea that in the excited state 
the membrane actually behaves as a sodium electrode. 

A number of observations have been made of the effect of changes in the internal 
concentrations of sodium ions. It was shown by Hodgkin and Keynes [37] in experiments 
on the giant fibre of the squid that an increase in the internal concentration of sodium 
ions by means of micro-injections reduces the “excess” action potential in accordance 
with the sodium hypothesis. Some contradictory results have been obtained for skeletal 
muscle fibres [38-40]. This is evidently connected with the difficulty of determining 
the internal concentration of sodium in muscle fibres with sufficient accuracy. 

Experiments by some authors [17, 19, 30, 36] have also shown that the rate of the 
rising phase of the action potential is proportional to the concentration of sodium 
ions in the external solution, to a first approximation. We have referred above to 
work [5-11] in which it was shown that excited muscles and nerves lose potassium. 
According to the sodium hypothesis, when tissue is excited, there should be an accretion 
of sodium as well as a loss of potassium ions. The entry of sodium into muscles and 
nerves during excitation has been observed by a number of authors [41-43 and others]. 
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With the advent of isotopic methods it became possible to measure quantitatively 
the inflow of sodium and the outflow of potassium ions in excited invertebrate fibres. 
Evidently, there is as yet no direct method of sufficient sensitivity for the determination 
of inflowing and outflowing ions after a single impulse, but with the aid of isotopic 
methods it became possible to determine the total flow of ions across the membrane 
of a single fibre after thousands of impulses and from these results the number of 
ions passing after one impulse could be calculated. These studies were carried out 
mainly on the giant fibres of the squid and the cuttle-fish [44-46]. The experiments 
showed that the number of sodium ions entering after one impulse corresponds to 
the number of potassium ions passing out, and it varies within the limits 3-4 wumole/cm?. 
It should be mentioned that relatively good quantitative agreement has been obtained 
in the determination of ionic currents by a number of authors using somewhat different 
methods. 

From a knowledge of the capacitance of the membrane of the giant axon of the 
squid (about 1-5 uF), and also of the membrane potentials in the resting state (about 
60 mV) and in the excited state (40 mV), it is possible to calculate the magnitude of 
the charge which must cross the membrane for this overcharge of the capacitance: 
q=AV.C=15 uFx[60 mV —(—40 mV)]= 150 uC. This corresponds to 
1-6 uumole of monovalent ions [47]; that is, for overcharging of the capacitance half 
to one-third of the ions actually transferred would be required. In the opinion of 
Eccles [48], the fact that the quantity of electricity transferred by the ionic currents 
after one impulse exceeds the quantity required for the corresponding change in mem- 
brane potential is a serious argument in favour of the view that changes in the mem- 
brane potential are a consequence of the movement of ions, and not the other way 
round. If it is upposed that sodium and potassium ions do not move simultaneously, 
then the charge actually flowing is entirely sufficient for the overcharge of the mem- 
brane capacitance. 

If the increase in the permeability to sodium and potassium ions were strictly 
simultaneous and in the same proportion, then no changes in the membrane potential 
would be observed. This consideration led to the supposition that a selective increase 
in the permeability to sodium ions occurs in the first moment. These ions move 
along the concentration gradient into the cell and make the internal membrane surface 
positive, bringing about the rising phase in the action potential. The increase in the 
permeability to potassium ions which then sets in leads to a situation in which the flow 
of positive potassium ions outwards exceeds the flow of sodium ions inwards with 
the result that the action potential falls and the membrane potential is restored to the 
initial level. 

Because of the difficulty of carrying out experiments on the study of very small 
ionic currents during a period of the order of a millisecond, experiments with isotopes 
have not yet given direct proofs for this view of ion dynamics during excitation. 
However, according to most physiologists, the possibilities of indirectly studying these 
ionic currents arose after Cole [49] and Marmont [50] had developed the special 
technique of a “voltage-clamp”, which enabled the ionic currents to be measured over 
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intervals corresponding to the excitation period. Using this method, Hodgkin, Huxley 
and Katz [51-55] obtained a number of most important results on the giant fibre of 
the squid which agreed with the fundamental principles of the sodium hypothesis. 

This work provided new essential information on the dynamics of the action poten- 
tial and we shall consider it in detail. Figure 4 gives a simplified diagram of their 
experiments. The potential on the membrane of the nerve fibre of the squid was 
measured by means of the intracellular electrode b and the external electrode c. This 
potential was fed to the input of the amplifier with negative feedback (P). The amplifier 
served to measure the potential on the membrane, and to develop a current which 
automatically maintained this potential at a given level. The current from the amplifier 
output was fed to the membrane through the separate electrodes a and e. In this way 


Fic. 4. Diagram showing measurement of ionic current through the membrane with voltage clamp. 
P — amplifier with negative feedback; a and b — electrodes introduced into axon; c, d and e — external 
electrodes; R— current-recording arrangement; K, L, M, and N — insulating partitions. 


a negative feedback circuit was closed through the membrane resistance. To begin 
with, the arrangement of the amplifier was such that with the resting potential the 
current through the membrane was zero. Each change in the membrane potential 
then produced a current across the membrane which nullified this change and maintained 
the membrane potential at the previous level. In order to change the level at which 
the membrane potential was stabilized, a square-wave potential pulse was fed to one 
of the intermediate cascades of the amplifier; this produced a current at the amplifier 
output which changed the membrane potential. The new membrane potential level, 
as well as the resting potential level, was automatically maintained by the circuit until 
the external potential impulse ceased. 

Under these conditions, the capacitative current across the membrane passed 
only in the initial moment after the square-wave pulse had been fed to the amplifier 
and it lasted about 20 usec. In the following moments, the change of potential, dV/dt, 
was zero, and consequently the capacitative component of the membrane current 
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I= C (dV/dt) (which under ordinary conditions of measurement of the action 
current is added to the ionic current) was also zero. As a result, it was possible to 
measure directly the ionic current itself through the membrane. With this method the 
behaviour of the ionic current for various values of the membrane potential was in- 
vestigated. 

Firstly the authors showed [51] that the ionic current is a continuous function of 
the membrane potential. With hyperpolarization, and with subthreshold depolariza- 
tion of less than 10 mV, the membrane behaves as a large ohmic resistance of 1-2 kQ/cm2. 
When the depolarization exceeds the threshold value, the membrane ceases to behave 
as an ohmic resistance. New electromotive forces develop in it and these e.m.f.’s 
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Fic. 5. Curves showing current density through the membrane for different membrane potential 
displacements [51]. 


Fic. 6. Relation between density of membrane current and membrane potential. Curve A corresponds 
to the current density 0-63 msec after displacement of the membrane potential to a new levell; curve B, 
after several tens of milliseconds [51]. 


change the direction of the current. At first an ionic current of short duration (about 
2 msec), directed into the fibre, is observed. The inward current rapidly falls and changes 
its direction; it reaches a certain value (plateau) for 4-6 msec and remains almost 
constant for several tens of milliseconds (Fig. 5); the membrane resistance is then 
much lower than the resting resistance. Figure 6 shows graphs of the maximum for 
the inward initial current (A) and the subsequent outward current (B) for various 
membrane potentials. 

In a further series of experiments [52] it was shown that the initial ionic current 
can be treated as a flow of sodium ions into the fibre. In fact, if the inward current 
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has its origin in the free movement of sodium ions, then it should not arise when the 
applied depolarization potential U corresponds to the equilibrium potential for sodium 
ions, i.e. 


U=E [Na In 6 


where Ey, is the ion potential on the membrane. This relationship has been amply 
confirmed for different concentrations of external sodium. The inward current ceases 
to be appreciable for normal concentrations of ions with U = 105 mV (Fig. 5) and 
for concentrations reduced to one-tenth, with U = 56 mV. Further, the authors 
considered that under these conditions what is measured is a purely potassium current 
(Fig. 7). The second phase of the ionic current, in the outward direction and increasing 
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Fic. 7. Curves showing separately ionic current for sodium ions —/j, and for potassium ions J. 
J; is the total current. / — axon in sea-water; /; — axon in solution containing 10 per cent of normal 
amount of sodium ions [52]. 


at a slower rate, actually consists mainly of potassium ions, as has been shown in 
direct experiments [56] in which the current during prolonged depolarization was 
compared with the outflow of labelled potassium. The curves of the full ionic current 
shown in Fig. 5, obtained for different displacements of the membrane potential, 
correspond to the total flow of current /y,+/,. By subtracting the potassium current, 
determined under equilibrium for a given depolarization value of sodium ion con- 
centration from the total current /y,+/,, the pure sodium current is obtained. This 
analysis is shown on Fig. 7. A knowledge of the value of the sodium- and potassium- 
ion currents for a definite membrane potential makes it possible to determine the de- 
pendence of the membrane conductivities for these ions, gy, and g, , on the membrane 
potential, 


8k Ik Ex ), 


(7) 


where Ey, and £, are the equilibrium potentials for sodium and potassium ions. 
Figure 8 shows the relationship between gy, and gy, calculated in this way from the 
decrease in the membrane potential. It is clear from the figure that the conductivity 
for sodium and potassium ions increases exponentially with the growth of depolarization, 
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the exponent in the case of sodium being the steeper (for gy, the exponental constant 
is 4, for gy, it is 5). 

Subsequent studies by Hodgkin and Huxley [53] showed that not only does gy, 
depend on the membrane potential but it also decreases with time. To account for 
this phenomenon they put forward a supplementary hypothesis on the transfer of 
sodium ions through the membrane by means of special “carrier” molecules. 
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Fic. 8. Sodium and potassium conductivity of membrane of squid giant axon as a function of mebmrane 
potential. gj, — maximum sodium conductivity in relative units; gx — maximum potassium con- 
V — displacement of membrane potential relative to resting level. 


ductivity ; 


It was suggested that the “carriers” gradually become “inactivated” during the 
generation of the action potential. The specific nature of the “carriers” or of the 
“inactivation” is not known, which is undoubtedly a serious defect of the hypothesis. 
The authors explain the rapid falling off in the sodium current and the absence of an 
inward current on repeated depolarization of the membrane after a short time interval 
by a reduction in gy, due to “inactivation” of the sodium-ion carriers. 

Hodgkin and Huxley quantitatively analysed gy, and g, as functions of time and 
membrane potential [55]. From the values obtained of these characteristics, and 
also from a knowledge of the values of Ey,, Ey, and C,, — the membrane capacitance — 
the authors, using appropriate mathematical treatment, constructed a curve showing 
the behaviour of the membrane potential with time under various experimental con- 
ditions. It was found that these theoretical curves (Fig. 9) gave a good description 
of the changes in membrane potential observed experimentally [55]. Thus, this series 
of experiments provided further support for the view that the characteristic manner 
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in which the conductivity (permeability) to sodium and potassium ions changes lies 
at the basis of the nature of the action potential in the giant fibre of the squid. 
However, it should be mentioned that this interpretation of the results of the experi- 
ments described by Hodgkin and Huxley is not the only possible one. The changes 
in the potentials of the ionic currents observed in the “fixation” method can be explained 
not only by changes in the permeability to sodium and potassium, but also by the 


mV m mole/cm 
30 


Fic. 9. Calculated curves showing time course of changes in the conductivity of sodium 
and potassium ions (gx and gna) with spreading action potential (V) [55]. 


development in the membrane of two opposing e.m.f.’s, displaced in time and of a 
different origin. These e.m.f.’s could be a consequence not only of gradients in the 
concentration of sodium and potassium ions, but also of chemical reactions on the 
fibre surface not connected with the process of permeability change. In this case the 
separation of the ionic current into sodium and potassium components is not legiti- 
mate, nor are the subsequent calculations of gy, and gx. 


The Sodium Hypothesis and Basic Properties of Excitable Tissue 


Although there are a number of objections in the literature to the sodium hypothesis, 
at present it is obviously the only theory which explains the main facts connected 
with the nature of action potentials on the basis of a definite physicochemical picture, 
Apart from explaining the action potential and its connexion with ionic concentration. 
it gives a comparatively good account of the sharp decrease in membrane resistance 
during excitation, of the non-linearity of this resistance, and also of other parameters 
which have been dealt with in a number of papers [3, 4, 20, 21, 57]. Changes in these 
parameters during excitation are reflected in the increased conductances, gy, and gy, 
of the membrane with a decrease in the membrane potential. The sodium hypothesis 
is also of great importance because a number of important properties of excitable 
tissue can be explained in the light of its principles. 


Local Subthreshold Reaction, Threshold and “All-or-none” Law 


It has been shown in a number of papers [58-60] that when the membrane is depo- 
larized close to the threshold, excitable tissue ceases to behave as a passive linear 
resistance: an active reponse arises in the depolarized region of the membrane. With 


0 25 3 35 t Mm sec 
0 05 of 4 
: 
: 
: 
a 
> 


146 Review 


superthreshold depolarization values, this active local process passes into a spreading 
action potential. 

The sodium hypothesis explains the prethreshold reaction, the threshold process 
and the “all-or-none” response in the following way. With weak subthreshold depo- 
larization (half to one third... of the the threshold value), as has been shown in experi- 
ments with negative feedback (Fig. 5), a weak ionic outward current arises. This 
current is due to the exit of cations (mainly potassium) from the cell and it represents 
the passive reaction of the membrane to depolarization. However, with further depo- 
larization, approaching the threshold value (two thirds to three quaters of the threshold). 
the permeability of the membrane to sodium ions increases markedly and sodium 
ions, moving along the concentration gradient into the fibre, increase the depolariza- 
tion due to the current impulse, which produces the active subthreshold reaction. 
Until the flow of sodium ions inwards becomes less than the flow of potassium ions 
outwards, the depolarization of the membrane that arises without any additional 
action will fall and rapidly reach zero. The situation changes rapidly from the moment 
when, after the depolarization produced artifically, there follows an increase in per 
meability to sodium ions such that the sodium flow outwards will become greater 
than the potassium flow. Then in each succeeding moment the depolarization of the 
membrane increases, which leads to a still greater increase in permeability to sodium 
ions, and so on. Thus an automatic self-accelerating depolarization process arises, 
which may be expressed by the following cycle: 


membrane depolarization ———————-— 


Increase in membrane permeability to sodium ions 


sodium current «<——— 


The process of depolarization then continues until the sodium current becomes 
greater than the potassium current. However, because the permeability to sodium 
not only depends on the magnitude of the potential but also decreases with time 
(“inactivation* of sodium carriers”) and also because of the decline in the increase 
in permeability to potassium ions, conditions arise in which the flow of potassium 
ions outwards becomes greater than the flow of sodium ions inwards, and the process 
of repolarization commences. According to these ideas, the threshold depolarization 
creates such conditions when the sodium ion current in wards begins to exceed the 
potassium ion current outwards. The “all-or-none” reaction acquires a concrete 
physicochemical interpretation. If the initial artificial depolarization should exceed 
the threshold value, then later it will automatically increase to a definite maximum 


value. 


* Here and in the further discussion we are dealing with “inactivation” of the mechanism that 
determines the passive transfer of sodium ions along the gradient into the cell. 


A 


Review 
Refractory Period, Accommodation, Action of Direct Current 


As we have already pointed out, in a series of investigations Hodgkin and Huxley 
[52-54] showed that after significant membrane depolarization a rapid process of 
“inactivation” sets in; this can be treated as the putting out of action of a system engaged 
in the passive transfer of sodium ions; this inactivation is reflected in the cessation 
of the sodium current. If this is so, then the existence of an absolute refractory phase 
is explained in the following way. After significant depolarization associated with 
the action potential, complete inactivation of the system responsible for the passive 
transfer of sodium ions sets in, and the permeability to these ions cannot increase 
with new depolarization. This corresponds to the absolute refractory period. The 
relative refractory phase corresponds to the gradual restoration of the system. 


With a slow increase in depolarization, according to these ideas, the increases in 
the sodium and potassium permeabilities must occur practically simultaneously. 
However, it is not possible to obtain a significant flow of sodium ions into the fibre, 
because the process of “inactivation of sodium carriers” then occurs. In this way, 
it is possible to explain the phenomenon of accommodation, that is, the impossibility 
of producing excitation with the current increasing at a rate below a definite limit. 
With slow depolarization, the flow of potassium outwards will always predominate 
over the flow of sodium inwards. The decrease in excitability resulting from prolonged 
depolarization (cathodic depression [62, 63]) and the increase in excitability after 
prolonged hyperpolarization can be explained in the same way. In the first case, some 
“inactivation” of the the system transferring sodium ions occurs, and in the second, 
the reverse effect — an increase in the activity of this system. 


Neglecting a large number of minor facts which can be explained in the same way 
within the framework of the sodium hypothesis, we shall consider the effect of in- 
stantaneous suspension by the anode of blocking due to the action of potassium, 
asphyxia and some other damaging agents. This has been studied in detail by Vorontsov, 
Nekrasov, and Makarov [64-66], and it has been confirmed by later investigators [35]. 
The agents mentioned produce depolarization and the observed effects can be related 
to the depolarization: the system responsible for the transfer of sodium ions across 
the membrane is put out of action (“inactivated”), and as a result excitation cannot 
arise. With anodization under these conditions, leading to suspension of depolarization, 
the system which controls the transfer of sodium ions across the membrane [54] is 
restored. A sharp increase in the inward flow of sodium ions is produced by a stimula- 
tion of the same strength. This, in the first place, creates conditions for the generation 
of the action potential. However, experiments which we shall consider below on the 
generation of action potentials in sodium-free solutions are not in accord with this 
interpretation. 

We thus see that from the point of view of the main principles of the sodium hypo- 
thesis, and with the additional help of the “inactivation” hypothesis for sodium carriers, 
it is possible to account for such properties of excitable tissues as the threshold, the 
“all-or-none” reaction, accommodation and the refractory period. 
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The main problem in the further development of the sodium hypothesis is the analysis 
of the physicochemical mechanism that selectively increases permeability to sodium 
and potassium ions. The solution of this problem will only become possible when 
sufficient reliable information is available on the molecular organization of the mem- 
brane. For this reason, the hypotheses that have been put forward up to now are 
only of a general character and do not really solve the problem of the mechanism 
of selective changes in permeability. According to a number of authors, the sharp 
effect on ionic conductivity of the membrane potential* indicates that the increased 
permeability is related either to a weakening in the orientation of the molecular dipoles 
in the membrane (depolarization of 10-20 mV corresponds to a reduction of the 
potential field in a 100 A thick membrane by 10,000-20,000 V/cm), or to a change 
in the distribution of certain molecule-carriers in the membrane phase. A possible 
mechanism in the first case is the one developed by Nachmansohn and co-workers [67]. 
This mechanism is concerned with chemical interaction between enzyme and substrate; 
it is supposed that the permeability to ions increases as a result of sharp changes in 
the configuration of the molecules forming the membrane, but the selective increase 
in permeability to sodium ions in the first moment is not explained. According to 
some authors, with strong orientation of the molecules the probability of this kind 
of chemical interaction is very small. In the second case the hypothesis developed 
by Hodgkin and co-workers [30, 55, 68] may be applicable. 

It is supposed that there are two groups of negatively charged “carrier”-moleculess 
very soluble in the membrane phase. Some molecules are specifically associated with 
sodium ions and others with potassium ions. Sodium and potassium ions can only 
cross the membrane in combination with these molecules. In the resting state, the 
main bulk of the molecules is at the external boundary of the membrane, under the 
influence of the electric field; but when the membrane is depolarized the probability 
of these molecules crossing the membrane is greatly increased. When it was found 
69, 70] that living membranes do not obey the “independence principle”, that is, 
opposing currents of ions in these membranes do affect one another, this hypothesis 
was somewhat modified. The movement of the carrier molecule through the mem- 
brane was then related to definite areas of the membrane in the form of narrow 
“canals; as a result the opposing currents of molecules interact to a significant extent. 

According to the sodium hypothesis, the energy source of the action potential 
is the potential energy of the ionic gradient between the cell and the surrounding 
medium. As has been shown above, after one nerve impulse in the giant fibre of the 
squid 3-4 uumole of potassium ions is lost and about the same amount of sodium 
ions is acquired. With prolonged stimulation, the accumulation of sodium and the 
loss of potassium ions becomes appreciable and this affects the resting and action 
potentials. After a sufficiently continuous period in the resting state, the ionic gradient 
is restored. The membrane theory explains this by the continouous action of ionic 


* The membrane conductivities for sodium and potassium ions increase e times when the membrane 
potential is reduced by 4-5 mV. 
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“pumps”, the energetics of which are connected with “cell metabolism” [68]. A specific 
mechanism for these relations, or indeed a mechanism for the “pumps” themselves, 
has not been put forward up to now. We note that within the framework of the sodium 
hypothesis, the energetics of the action potential are related to the cell metabolism 
only through “ionic pumps”; direct proof of the existence of such “pumps” is therefore 
essential for confirmation of the sodium theory. The existence of “pumps” is not 
admitted by the phase theory and other theories according to which the energy of the 
action potential is supplied by chemical action accompanying the action potential. 
Important evidence in support of the presence of “sodium pumps” has been obtained 
in studies on the movement of labelled sodium through the surface layer of the giant 
axon of the squid [37, 69, 27]. 


The Role of Calcium Ions 


In order to explain the nature of the action potential, it is important to understand 
the part played by calcium ions. It has long been known that a decrease or increase 
in the concentration of calcium ions in the external solution produces significant changes 
in the properties of excitable tissue [71]. A decrease in the external calcium concen- 
tration is followed by a number of changes, including among others: a deerease in 
the threshold and the initiation of spontaneous oscillations [72]; a decrease in mem- 
brane resistance [49]; a weakening in accommodation [71]; a reduction in erectile 
properties [73]; excitation under the anode when the circuit is broken [74] — an effect 
normally absent. According to the sodium hypothesis, these facts could be interpreted 
on the assumption that the calcium ions play a significant part in the mechanism of 
permeability to sodium and potassium ions. Measurements made on the giant fibre 
of the squid by the voltage-clamp method have given results that support this hypothesis. 
In these experiments [75] it was shown that when the concentration of external calcium 
decreased the sodium current, for the same depolarizations, increased but the permeabi- 
lity to potassium in the resting state also sharply increased. It was then found that 
with a reduced external calcium-ion concentration correspondingly smaller changes 
in the membrane potential were required in order to obtain the same sodium or potassium 
conductivities. A decrease in the concentration of calcium also accelerates the rate 
of increase in the sodium and potassium conductivities. An analysis by the voltage- 
clamp method [74] of the effect of different concentrations of calcium ions on the 
behaviour of myelinated fibres of the frog gave similar results. However, the direct 
part played by calcium ions in the generation of impulses was more pronounced in 
myelinated fibres. In the absence of calcium ions in the external solution, complete 
inexcitability of the myelinated fibres sets in. Important experimental results on the 
effect of different concentrations of calcium ions on the electrical properties of excitable 
tissue have been reported in a number of papers [76-78]. 

The distribution of calcium ions between the cell and the external solution, and 
also its rate of change on excitation, have been studied recently [79-80]. 

Measurement of the rate of diffusion of radioactive calcium and its rate of movement 
under the action of an electric field in the axoplasm of the giant axon of the squid 
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has shown that, in contradistinction to other ions, the greater part of the calcium ions 
in the axoplasm is in the bound state [80]. The ratio between the concentration of 
free calcium ions outside and inside is over 1000:1. Experiments with labelled calcium 
have shown that the membrane of nerve cells is permeable to 45Ca [80]. Consequently, 
as in the case of sodium ions, the observed differences in concentration can only be 
interpreted by invoking extraneous forces (“calcium pumps”) that transfer calcium 
ions outwards. The work done by these forces in transferring one mole of Ca** is 
greater than the work done by the “sodium pump” in transferring one mole of Na”. 
The permeability of the membrane to calcium ions, too, is less than the permeability 
to sodium ions and gy: £na! Sc, = 1 : 0-025 : 0-001. The flow of calcium ions inwards 
is small and therefore the capacity of the “calcium pump” is much less than that of 
the “sodium pump”. With excitation, the permeability of the membrane to calcium 
ions increases [80]. There is no substantial change in the flow of calcium ions outwards. 

Two main hypotheses have been put forward concerning the part played by calcium 
ions in the process of permeability change [75, 81]: 

(1) Calcium ions can be absorbed on the external side of the membrane and as 
a result an electric field is created inside the membrane. This field, in turn, can influence 
the distribution of charged particles responsible for the movement of ions inside the 
membrane, without changing the final potential difference between the internal and 
external membrane surfaces. 

(2) Calcium ions compete with sodium ions for membrane channels, or what is 
the same thing, for a link with carrier molecules. When the membrane is depolarized 
these “channels” are enlarged and calcium ions can pass through them occupying 
the “channels”; the comparatively “small” monovalent sodium ions follow after them. 
Excitation sets in when the flow of sodium and calcium ions inwards becomes greater 
than the flow of potassium ions outwards, and consequently depolarization continues 
to increase. The larger the concentration of external calcium ions, the larger is that 
part of the “channel” which is occupied by them and the greater the depolarization 
necessary for excitation. With low calcium ion concentrations, slight depolarization 
is sufficient to let through “small” sodium ions. However, these hypotheses are only 
provisional and insufficiently based. Thus the sodium theory has not at present given 
a satisfactory explanation of the part played by calcium in the excitation process. 


NEW FACTS AND DIFFICULTIES OF THE SODIUM THEORY 

It has long been established that the sodium theory cannot be applied unreservedly 
to all biological materials that develop action potentials. A whole series of excitable 
nerve cells and axons, for example insect nerve cells [68], are capable of developing 
action potentials in media that contain very little or no sodium. Moreover, it has been 
established by the work of Lorente de No and co-workers [35, 82] that action potentials 
can be obtained when the sodium is replaced by lithium or tetraethylammonium ions 
in materials that function under ordinary physiological conditions in a medium con- 
taining sodium ions. These experiments might be explained within the framework 
of the main ideas of the sodium hypothesis, if it is supposed that the potential genera- 
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tion is the result of an increase in membrane permeability to these ions. In its physico- 
chemical properties the lithium ions closely related to the sodium ion, but for the 
tetraethylammonium ion the picture is more complex. 

Tetraethylammonium ions apparently change the nature of membrane permeability 
to other ions, especially to calcium ions. Particularly convincing results in support 
of this point of view have been obtained on crustacean muscle fibres by Fatt and 
Ginsborg [83]. After prolonged immersion in tetraethylammonium solution some 
of the muscle fibres which gave no action potential without tetraethylammonium 
were capable of evoking a normal spike with an amplitude of 90-120 mV. The amplitude 
of this spike depended on the concentration of calcium ions and not on the concentrations 
of sodium and magnesium. The spike duration increased to 0-5-1 sec for an increase 
in the calcium concentration to 20 mM. Action potentials with such an “anomalous” 
duration are observed in heart-muscle fibres. These prolonged action potentials have 
at the present time been observed on different materials. The authors also obtained 
prolonged action potentials without the addition of tetraethylammonium in solutions 
containing over 5 mM of SrCl>, or over 1-5 mM of BaCl,. In a solution containing 
pure SrCl, (160 mM), the amplitude of the action potential was 135 mV while the 
potential of opposite sign —the “excess” — reached 45 mV. When the external 
concentration of SrCl, was doubled, the potential increased by 6-13 mV. The con- 
centrations of sodium and magnesium ions did not affect the action or resting potentials, 
but an increase in the concentration of potassium reduced the resting potential without 
markedly altering the action potential. A similar picture was observed with solutions 
of barium chloride, the amplitude of the action potential reaching 140 mV, and the 
reverse potential 77 mV; the duration of the action potential was as long as 5 sec. 
The resistance of the membrane fell sharply on excitation in solutions containing 
barium or strontium, being reduced to 0-01 of the resting resistance. These results 
suggest that the generation of the potential may be related to the sharp increase in 
membrane permeability to strontium and barium ions, that is, an interpretation may 
be possible within the framework of the hypothesis on selective increase in permeability 
to some ions during excitation. We may note that experiments with a solution of stron- 
tium chloride, and more especially barium chloride, can, it appears, yield a direct 
answer to the question of whether selective permeability to these ions arises during 
excitation. In fact, because of the long duration of the action potential (5 sec) and 
the sharp decrease in the membrane resistance, it is to be hoped that it may be possible‘ 
to measure a pure current of barium or strontium ions during the passage of one impulse 
with the aid of radioactive isotopes of sufficiently high specific activity; this could then 
be compared with the magnitude of the action current. Such experiments would give 
a decisive answer to the question of whether it is legitimate to extend the hypothesis 
on selective membrane permeability. 

Recently Tasaki and Mueller have obtained important results which have still 
to be explained within the framework of the sodium theory. While studying action 
potentials on isolated nodes of Ranvier, Tasaki [84-87] turned his attention to the 
comparatively long duration of these potentials, which according to the sodium theory 
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should be associated with the slow disappearance of sodium permeability. At the 
same time a large decrease in membrane resistance was observed only at the initial 
moment, but not during the whole course of the action potential; this suggested that 
the permeability to potassium did not increase, but that the sodium permeability fell 
rapidly. The study of the relation between membrane resistance and action potential 
was continued by the author and co-workers using the squid giant axon, on which 
the main results that form the basis of the sodium hypothesis have been obtained 
[47, 68]. Prolonged action potentials of 0-5 sec duration were obtained by Tasaki 
and Hagiwara [88] on this object by introducing tetraethylammonium solutions into 
the axon with a micropipette. The prolonged action potential had the shape of a heart- 
muscle action potential —a short initial peak of the order of 1 msec, passing into 
a long plateau. The amplitude of the initial peak reached about that of a normal action 
potential; on the plateau the membrane potential was about zero. The membrane 
resistance at various moments after the beginning of the prolonged action potential 
was measured by the high-frequency bridge method, with short square-wave current 
impulses from an external source being passed through the membrane in both directions 
during the prolonged potential. As will be seen from the curves shown in Fig. 10, 
the membrane resistance during the prolonged action potential is notably different 
from the resistance of the resting membrane only at the continuation of the initial 
peak. The resistance on the plateau does not differ from the resting resistance by 
more than 10 per cent. According to the sodium hypothesis, the resistance for sodium 
should show a marked fall only during the change in sign of the membrane potential; 
however, with depolarization of the membrane, gy, should be about equal to g,: 
that is, the membrane resistance should have fallen in comparison with the resting 
value by about half. It has been shown experimentally that the decrease is less than 
10 per cent. This is not in accord with the sodium hypothesis, unless, of course, it is 
supposed that g, decreases on the plateau. The authors made a detailed study of 
prolonged action potentials of the giant axon by the method of voltage-clamping 
in media containing both normal and subnormal amounts of sodium, and they have 
come to the conclusion that their results cannot be explained within the framework 
of the hypothesis on changes in permeability to sodium and potassium ions. Without 
going into the mechanism of the e.m.f., they put forward the hypothesis that there 
are two stable potential levels at the membrane, each corresponding to a definite e.m.f. 
and resistance. Figure 11 shows two circuits, one (a) corresponding to the sodium 
hypothesis, and the other (b) to the two-stable-levels hypothesis. Here E, and E,, 
are the e.m.f.’s of the two stable membrane states and g, and g,, are the corresponding 
conductances. The intermediate states of the membrane potential observed in the 
usual measurements are explained by this hypothesis in the following way. Part of 
the membrane in the area under investigation is in state /, while another part is in state //, 
and between these there is a circulation of currents. It is easier to explain the results 
obtained by Tasaki in the work mentioned above on the basis of these ideas than by 
means of the sodium hypothesis. However, at present it is difficult to determine the 
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value of the two-stable-levels hypothesis, because its main principles are too general 
and it is wanting in specific physicochemical concepts. 

According to Tasaki, each of the stable states can be observed in the pure form 
on isolated nodes of Ranvier; here we are dealing with very small areas of excitable 
membrane. These states and transitions from one state to the other have been studied 
by Tasaki and Bak [89] in detail on this material. The potential on the node membrane 


Fic. 10. Curves showing prolonged action potentials in squid giant axons after tetraethylammonium 
injections. /A — square pulses applied to resting membrane. The amplitude of the membrane-potential 
change is large, which indicates the high resistance of the membrane; /B — Similar pulses applied at 
time of spike. Changes in the membrane potential are almost unnoticeable, consequently the membrane 
resistance has fallen sharply. JC — Current pulses applied during plateau. Changes in the membrane 
potential are about the same as in the resting state. J/A — Comparison of potential curve with impedance 
spike; A-bridge balanced in resting state. B— At moment of excitation. (Fig. taken from reference [88]). 


was measured through the adjacent node, depolarized with potassium chloride. 
A current from an external source was passed through the other adjacent node. The 
potential range between E, and E,, was found to be unstable. The potential of the 
membrane spontaneously passed from one part of this range to state E, and from 
the other to state E,,. The passage from one state to the other proceeds according 
to the “all-or-none” law after a definite membrane potential, V;,,.s,o7q has been reached. 
The membrane currents were also studied on the same material with the voltage clamped 
by means of the usual circuit arrangement controlling the membrane current. The 
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relation between the current and the magnitude of the clamped voltage and the rate 
of change of current with time were in the main the same as with the giant-axon mem- 
brane [51-54], with the exception of the greater steepness of the labile part of the curve 
“maximal current-voltage” relating to potentials near the threshold value. However, 
when the potential of the membrane was kept at a level close to the stimulation threshold 
(15-30 mV) rapid damped vibrations of the membrane current were observed (vy = 
3 ke/s at 14°). When the anode action current was reduced to the same value by 
a decrease in the concentration of sodium ions in the external medium, by weak narcosis, 
or by excitation during the relative refractory period, the membrane current behaved 
in the same way irrespective of the treatment applied. In the opinion of the authors, 
rapid oscillations in the membrane current and also the similarity between the action 
of a reduced concentration of sodium ions, weak narcosis, and the refractory period, 
cast doubt on the validity of the sodium theory of excitation and confirm the hypothesis 
of the presence of two stable membrane states. 


Fic. 11. Equivalent electrical circuits to illustrate behaviour of membrane potential 
according to the sodium hypothesis (a) and the two-stable-levels hypothesis (5) [88]. 


However, results indicating the presence of rapid oscillations of the membrane 
current during voltage-clamping in the threshold region have been refutéd by Dodge 
and Frankenhaeuser [90]: these authors clamped the voltage on the membrane of 
a single node of the isolated sciatic nerve fibre of the frog by means of two d.c. amplifiers 
with feedback. The first amplifier served to measure the membrane potential and 
the second developed the current stabilizing the membrane potential at a definite level. 
A circuit with a guard ring was used to measure the membrane potential; this enabled 
the potential difference to be accurately measured at not very high resistances of each 
of two bridges, with insulators separating the node under examination from the node 
through which the measurement was made. The authors considered the limitations 
of the method in detail and eliminated extraneous instrumental effects. The membrane 
currents arising during depolarization and hyperpolarization by a square-wave fed 
through the second amplifier qualitatively coincided with the currents observed under 
the same conditions on the giant axon of the squid [51-54]. The strength and rate 
of growth of the current increased with an increase in depolarization amplitude. The 
rapid oscillations in the membrane potential observed by Tasaki and Bak [89] were 
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considered by Dodge and Frankenhaeuser to be artefacts due to insufficient stabiliza- 
tion of the membrane potential. 

At the same time, rapid oscillations in the membrane potential were observed by 
Tasaki and co-workers in squid axons [91-92], using both the ordinary and a modified 
version of the voltage-clamp technique (tree wire intracellular electrodes were used). 
Depolarization of 15 mV or somewhat less produced an inward current of up 
to 50 uA/cm2 on the fibre, slowly changing to an outward current. With small increases 
in depolarization, large oscillations suddenly arose in the inward membrane potential 
(1 mA/cm2/; that is, there was a true “threshold”. The first oscillation was usually 
followed by supplementary oscillations in the membrane potential directed both 
inwards and outwards. At 22° the interval between the oscillations was 0-5-1-5 msec. 
When the depolarization increased the latent period of the first oscillation decreased 
and its amplitude increased, but the supplementary oscillations became damped. 
With depolarizations greater than 35 mV, no rhythmical oscillations were produced 
in the membrane potential. The oscillations did not depend, over, a wide range, on 
the parameters of the system creating the fixed potential and registering the membrane 
potential. Urethane, in 3 per cent solution, reversibly inhibited the rhythmical oscilla- 
tions in the membrane potential and eliminated the “threshold” effect. The injection 
of tetraethylammonium chloride into the axon prolonged the action potential and 
changed the character of the membrane potential oscillations, which were then remi- 
niscent of the membrane potential oscillations on the toad nerve, and the current 
was only in the inward direction. 

The effect of local cooling on rapid oscillations in the membrane potential has 
also been studied [92]. The results obtained confirm that these oscillations are related 
to membrane characteristics and are not artefacts. 

In order to confirm the hypothesis that with threshold excitation the membrane 


acts as a sieve formed from excited and unexcited regions, Tasaki and Spyropoulos [92] 


introduced a microelectrode under the membrane in the section of the axon with a fixed 
threshold potential. The micro-electrode then indicated all voltages from 0 to 120 mV, 
that is, the existence of “sieves” was apparently confirmed. 

At present it is still impossible to decide finally the question of the presence or 
absence of rapid oscillations in membrane current and the two stable states of the 
membrane potential; however, even if the findings of Tasaki and his co-workers are 
confirmed, this would not appear to present insuperable difficulties for the sodium 
theory. 

It would appear that the greatest difficulties for this theory are presented by the 
results obtained by Mueller [93-95], who studied some methods of changing the shape 
and duration of the action potential of single nodes of Ranvier. Single fibres, exposed 
over a length of 20-30 mm, and parts of a fibre with two to four nodes on each side 
of the node under examination, were immersed in oil. In this way insulator-bridges 
having a high resistance were created. Prolonged action potentials lasting up to 1 sec 
were obtained when the node under examination was immersed in Ringer’s solution 
with the addition of glycerol (2-3 M). The duration of the action potential again 
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decreased to the normal value in |—5 min after the addition of the glycerol. Prolonged 
action potentials of another type were obtained in aqueous solution containing po- 
tassium chloride and rubidium chloride (from 50 mM to 2 M) under conditions such 
that the depolarization (stimulating) impulse was applied to the node after the resting 
potential on its membrane had been restored to the normal value by an “anode” 
current. This prolonged potential, lasting up to 10 sec, also occurred in solutions 
entirely free from sodium ions. Prolonged action potentials of the same type and 
duration were also obtained by means of ordinary stimulation 10—70 sec after prolonged 
depolarization of the node (from 15 to 90 sec, 100-200 mV). These latter prolonged 
action potentials were observed in a medium containing neither sodium nor potassium 
(in 0-1 M choline chloride or dimethyldiethanolammonium chloride). The prolonged 
action potentials were of maximum duration about 15 sec after interruption of the 
depolarization current, with an increase in the strength and duration of the preceding 
depolarization. Possible sources of prolonged action potentials occurring in potassium 
chloride, or after depolarization, and also the connexions between these prolonged 
action potentials with normal action potentials and negative after potentials, were 
examined. Up to now no one has succeeded in establishing a relation between action 
potentials in a medium free from sodium or potassium and the ion-concentration 
gradient at the membrane or the changes in the membrane potential. 

Mueller studied the kinetics of prolonged action potentials in detail and made 
an analysis of the relationship between the membrane potential, chemical equilibrium 
and e.m.f., without going into the nature of the chemical reactions or of the e.m.f. 
This analysis [95] amounts to a comparison of action potentials and prolonged action 
potentials developed by a node of Ranvier with the corresponding changes in the time 
course of the potentials in a theoretical system having the following properties: (1) two 
e.m.f.’s can arise in the system, each of them directly dependent on chemical equili- 
brium; (2) these equilibria in their turn are determined by the potential on the system; 
(3) after rapid potential changes in the system, chemical equilibria change exponentially 
with time and reach new values; (4) the constants of the time exponents are determined 
by the rate constants of the chemical reactions (the nature of which is not considered); 
(5) the rate constants for the two reactions are different; (6) the e.m.f.’s give rise to 
different signs in the potential system; (7) the full potential is equal to the sum of 
these two potentials plus the potential due to the external source. 

The equations describing this system are solved for different values of the time 
constants and resistances of the system with the aid of a model constructed with electronic 
valves, resistances and capacitances. The model gives the value of the full potential 
on the system as a function of the potential applied from the external source. A com- 
parison of the action and prolonged action potentials with the potentials recorded 
from the model shows excellent agreement under all possible experimental conditions. 
The author has considered possible mechanisms for the initiation of e.m.f.’s in the 
membrane and pointed out that these e.m.f.’s may be related to the exchange of calcium, 
sodium, and potassium ions on the fixed negatively charged positions of Schwann 
cells, but the mechanism of this exchange is not considered. 
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Results obtained by Sagal [96] suggest the possibility of obtaining prolonged action 
potentials in sodium-free solutions in the giant axon of the squid. After restoration 
of the potential on the membrane of the axon immersed in potassium acetate (400 mM) 
solution, it was observed that the resistance of the membrane underwent an abrupt 
threefold increase. When a short threshold depolarizing impulse was impressed on 
the polarizing current, the resistance again fell sharply. These preliminary experiments 
are of interest because they demonstrate the relation between the potential and the 
membrane resistance under conditions that have not been studied by Mueller. The 
sharp fall in resistance during excitation in potassium solutions may explain the pro- 
longed action potentials observed by Mueller as being a consequence of the rise and 
subsequent fall in gy, if of course, it were established that in these cases there occurs 
no change in the sign of the potential, but only membrane depolarization. A change 
in sign in those cases where the concentration of potassium ions outside the fibre is 
less than or equal to the internal concentration evidently cannot be explained within 
the framework of these ideas. It is also very difficult to understand the generation of 
potentials in a medium without sodium ions or potassium ions. A study of these poten- 
tials might help to explain the nature of normal action potentials. 

In this connexion, work in which prolonged action potentials have been obtained 
by chemical means is of interest, for example, by means of tetraethylammonium [88], 
veratrine [97], heavy metal ions and anions [83, 98, 99]. Recently Ludkovskaia and 
Kaiushin [100] showed that prolonged action potentials can also be obtained by the 
action of visible light on preparations previously stained by eosin. Work in this direction 
will help to discover the physicochemical nature of prolonged action potentials and 
their relation to normal action potentials and negative after-potentials. 


CONCLUSION 

We have briefly examined the basic facts relating to the parameters of action 
potentials and their connexion with the distribution and mobility of ions in excitable 
tissues and nerve fibres, and also theories that attempt to explain the mechanism of 
the genesis of action potentials. From this review it is clear that, notwithstanding 
the undoubted successes of the sodium theory, there is still no completely satisfactory 
interpretation of this mechanism. The formulation of a satisfactory theory of the 
genesis of action potentials is obviously impossible without a knowledge of the mole- 
cular structure of the surface lyer of the fibre and the physicochemical processes going 
on within it during potential generation; the nature of these has been studied very 
little up to now. A study of these processes on living objects is very difficult; for this 
reason, in addition to a direct study of normal and prolonged action potentials and 
their relation to various physicochemical processes, studies of various physical and 
electrochemical models of excitable tissue are of interest. 

At the present time a final solution of the problem of whether the ionic gradient 
between the cell and the external medium, or chemical reactions arising at the moment 
of excitation of nerve and muscle fibres, is the direct source of energy of the action 


potential is of particular importance. 
Translated by E. Hayes 
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INTRODUCTION 

Our knowledge of the effects of surface-active compounds on photosynthesis, and 
of the structure of a chloroplast granule, derives from electron microscope [1] and 
in vivo optical studies [2] of the photosynthesis pigments. It is very probable that 
chlorophyll acts as a sensitizer at the interface between two phases, and so it is of 
interest to see whether extracted chlorophyll can photosensitize redox reactions heter- 
ogeneously under conditions approximating to those found in plants. 

It has long been known that chlorophyll in molecular form can sensitize various 
redox reactions [3-7], and some of the mechanisms are fairly well understood [6, 7]. 
It also seems that the colloidal solutions produced by diluting true solutions in alcohol 


pyridine, or acetone with water have a similar but much weaker power [8, 9]. We 
do not know whether any such power resides in chlorophyll in a form such that the 
particles have clearly visible interfaces with the solution. We know that crystalline 
phthalocyanines photosensitize the oxidation of ascorbic acid by oxygen [10], and 
that electron exchange occurs in illuminated films of chlorophyll [11], and so we might 
expect that chlorophyll could act as the phthalocyanines do, although we have no 
direct proof. Here we attempt to fill this gap. 


MATERIALS AND APPARATUS 


The chlorophyll-water system is the system of most interest, in which system the 
electron donor (hydrogen) and acceptor ahould be such that the reaction is very slow 
or non-existent in the dark. We used ascorbic acid as the donor and azo dyes (methyl 
red, acid blue, and acid orange) as the acceptors. These dyes are convenient in that 
the reductions are irreversible; the first of them was used in the early work on chloro- 
phylI as a photosensitizer [3, 4], but we are the first to use the other two for this purpose 
(they also both dissolve well in water). The methyl red was dissolved by adding a little 
pH 8-6 phosphate buffer. 

Acid orange and methyl red both absorb below 550 my at acid or alkaline pH, 
so we may avoid causing direct photoreactions by using red filters, which pass only 
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the light absorbed by chlorophyll. Acid blue has its maximum at 580-590 mu, and 
absorbs somewhat in the red region, but trial runs showed that this dye does not give 
a rapid direct photoreaction with ascorbic acid. We followed the reductions by meas- 
uring the absorption at the peaks, which lie at 520 mu (methyl red) and 485 my 
(acid orange). 

The heterogeneous sensitizers were suspensions of chlorophyll or pheophytin 
or magnesium phthalocyanine. The last of these gives an active suspension when 
the fine powder is suspended in water, but the other two cause some difficulty. The 
suspensions produced by grinding the fibrous chromatographically purified pigments 
with water are not active, presumably because the particles are too large. Good 
suspensions were made as follows. A small amount of a solution of the pigment in 
alcohol was poured into 80-100 times its volume of water, to which was then added 
1-2 per cent of MgCl,; the mixture, which was not fluorescent, was shaken vigor- 
ously. The pigment settled out in a flocculent form, which was filtered off, was washed 
several times with water to remove the dissolved salts, and then was resuspended in 
water containing the ascorbic acid and dye. The particles then varied in mean size 
from 10 to 20 uw. Active suspensions of chlorophyll were made also by adsorbing the 
pigment on to MgO from alcohol; the solid was dissolved in a solution containing 
the dye and excess ascorbic acid, which dissolved the MgO to give a suspension of 
the pigment. The suspensions, or dried films on glass made from them, gave absorption 
curves that were very much more diffuse than those given by solutions. The flat 
absorption maxima fell at points varying from 670 to 690 mu. 

The reactions were run in the evacuated vessels used in our previous work [12]; 
the air was driven out by boiling the solutions for 3-6 min with the pump running. 
The light source was a 300-500 W filament lamp fitted with a condenser, with an 
infrared filter, and with an RG-S5 filter. 


RESULTS 


Tests showed that pheophytin and chlorophyll dissolved in molecular form in 
organic solvents were highly active sensitizers for the dyes. Colloidal chlorophyll! made 
by diluting solutions in organic solvents with water, or by treating chlorophyll adsorbed 
on sucrose with water, were active also, although less active than true solutions, at 
least as regards the resulting reduction rate. 

In the first runs we filtered off the pigment and compared the absorption spectra 
of solutions that had and that had not been illuminated. The reductions were irrever- 
sible, so these filtrations and measurements could be done in air. Table | gives some 
results for chlorophyll a+6 and for magnesium phthalocyanine. 

The extinction coefficients K (at the absorption peaks) are such as to show clearly 
that the pigments are sensitizers. No effect was found if the pigment or the reductant 
was omitted. 

Later we found that there was no need to filter off the pigment, since the particles 
settle out or deposit on surfaces only very slowly. Repeated measurements made 
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Heterogeneous photosensitization of redox reactions by chlorophyll 
TABLE |. PIGMENTS AS SENSITIZERS* 


K for dye after Concentration 
Pigment Dye filtration — of ascorbic 
(min) 
No light i acid 
Chlorophyll! a-}-b Acid red 0-800 0-02 M 
Chlorophyll a+b Acid red 0-750 0:02 M 
Chlorophyll a+b Acid orange 0-680 , 0-02 M 
Chlorophyll a+b Methyl! red 1:72 | 0-02 M 
Mg phthalocyanine Methyl red 0-675 0-02 M 
Mg phthalocyanine Methyl red 0-685 , 0 
No pigment | Methyl red 0-685 : 0-02 M 


* Pigment filtered off. 


10-20 sec after shaking the solutions always gave good results. The curves show the 
extinctions as percentages of the intitial extinctions for the dyes, which were calculated 
as the total initial extinctions less the extinctions remaining after the dyes had been 
decolorized completely. Check runs showed that the absorption due to the pigment 
did not change appreciably during this time. 
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Fic. 1. Chlorophyll-photosensitized reduction by ascorbic acid (M/500) in aqueous solution. A = methyl 
red, B = acid blue. (1) With chlorophyll suspension, (2) without chlorophyll. K is for 520 my (methy] 
red) or 580 mu (acid blue) as %; T = darkness, C = light. 


Fig. | shows that chlorophyll a+6 in suspension can photoreduce methyl red and 
acid blue. The curve for the illuminated complete solution falls sharply, but the curve 
for the solution lacking sensitizer does not. Table 2 gives some results for runs with 
chlorophyll and pheophytin in which the pigments were not filtered off. 
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A good picture of the effects of the pigment on methyl red is obtained if some hot 
agar solution is added to the mixture to cause it to set on cooling. The boundary 
between the illuminated and unilluminated areas of the gel can then be seen very clearly. 

As in the tests in which we filtered the suspensions we found that there was not 
very much reduction if any one of the components was omitted, at least within the 
10-20 min the runs usually lasted. But these dyes are reduced appreciably, even in 


TABLE 2. PIGMENTS AS SENSITIZERS 
| 
Dye left Time 
Pigment Dye of ascorbic filtration ye . 
acid No light Light 


Concentration K for dye after 


Chlorophyll a Methyl red 0-02 M 1-31 0-740 9-5 10 
No pigment Methyl red 0-02 M 1-29 1-25 96°5 10 
Chlorophyll a+ 6 Acid blue 0-02 M 1-02 0-530 14 
Chlorophyll a+6 Acid blue 0-02 M 0-855 0-422 6°5 15 
No pigment Acid blue 0-02 M 0-672 0-670 99-6 10 
Chlorophyll a+6 Acid blue 0 1-59 1-52 95-6 10 
Chlorophyll a+6 Methyl red 0-04 M 0-752 0-452 13-6 10 
Pheophytin a+b Methyl red 0:04 M 1-02 0-271 1-5 10 
Pheophytin a+b Acid blue 0-04 M 0-880 0-275 8-3 20 
Pheophytin a+b Acid orange 0-04 M 0-905 0-366 0 21 
Chlorophyll a+ 6 Methyl red 0-01 M 1-04 0-730 51-6 25 
Chlorophyll a Methyl red 0-04 M 0-935 0-565 75 10 


the dark and in the presence of air, if they are left to stand for 2-3 hr with ascorbic 
acid. The sensitizer thus acts to provide the activation energy for the reactions. 


The Effects of Some Factors 


The rate of the photoreduction depends on a number of factors in a way that 
confirms our view of the role of the suspension. It rises with the intensity of the light, 
if this is absorbed only by the pigment (Fig. 2A), and with the pigment concentration, 
up to a certain limit (Fig. 2B). In the latter experiments the chlorophyll concentration 
was varied by coagulating colloidal solutions of appropriate concentrations. Fig. 2B 
shows that K (the extinction) for the absorption peak in the stock alcohol solution 
was 164. To 20 ml lots of water we added 0-1, 0:2, 0-3 or 0-4 ml of this stock; the 
mixtures were treated with MgCl, as above. 

A suspension that had stood long before being used, or a suspensate that had 
been filtered and dried, was still active, although rather less so than fresh material. 
The concentration of the reductant, if very low, had a very marked effect, which became 
less as the concentration rose. The pigment was more active at acid pH; the reaction 
went more slowly if the solution was made alkaline or if the sodium salt was used 
instead of ascorbic acid itself (Fig. 3A). 

The rate of reduction, per unit amount of chlorophyll, decreased as the size of 


the particles increased in the sequence true solution —- colloidal solution — suspension, 
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although the difference between the colloidal solution and the suspension was much 
less than that between the true and colloidal solutions. An interesting point is that 


100 
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Fic. 2. (A) Effect of light intensity on the rate of reduction of methyl red sensitized by a chlorophyll 

suspension. The light source was a 300 W 100 V filament lamp run at 60 V (1) or 110 V (2). An RG-S 

filter was used. (B) Effect of chlorophyll concentration on the rate of reduction of methyl red. The 

numbers on the curves indicate the relative concentrations (see text). The illumination time is plotted 
against the °(, absorption remaining. 
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Fic. 3. (A) Photosensitized reduction of methyl red (1) M/200 ascorbic acid ; (2) M/200 sodium ascorbate. 
(B) Effects of oxygen on the rate of the photosensitized reduction. (1) Alcoholic solution ; (2) chlorophyll 
suspended in water. (I) air present; (II) air absent. 
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the presence or absence of air is a major factor in determining the rate for a true solu- 
tion (Fig. 3B), but is much less important for the heterogeneous systems in water. The 
cause may be that oxygen is less soluble in water than it is in organic solvents, but 
it may also be caused by specific features of the reactions in the heterogeneous systems. 
Methyl red is not decolorized if ascorbic acid is absent but air is present, so it cannot 
be that a photosensitized oxidation occurs. 


Fic. 4. The flow apparatus. (1) Vessel with ascorbic acid and methyl red in water; (2) pigment suspen- 
sion; (3) glass filter; (4) filament lamp; (5) filter to remove infrared light; (6) red filter. 


To eliminate the possibility that the light intitiates adsorption on to the pigmert 
instead of photoreduction, we filtered off the pigment when the reduction had gone 
to completion. The pigment was then taken up in alcohol; the absorption curve of 
the solution was that of pure chlorophyll, which showed that the unchanged dye was 
not adsorbed on to the chlorophyll. Partial adsorption would merely favour photo- 
reduction (see below). 

Fig. 4 shows a device we used to demonstrate that, as we would expect, suspensions 
of chlorophyll or of magnesium phthalocyanine can photosynthesize redox reactions 
inflow systems. The methyl red in a mixture containing also ascorbic acid and suspended 
pigment was reduced when red light was passed through. (The N> was bubbled through 
to keep the pigment in suspension). Thus our results show that aggregated forms of 
chlorophyl! and chlorophyll analogues can sensitize redox reactions in aqueous media. 
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The Photosensitization Mechanism 


A major feature to be incorporated in any sound theory is the fact that chlorophyll 
and its analogues photosensitize via their primary reduced forms [6, 7, 12], which are 
formed by electron transfer from the reductant to the pigment; the resulting pigment 
radical reacts with the acceptor to regenerate the pigment. This transfer to the pigment, 
and not loss by the pigment, is the characteristic feature of reactions involving chloro- 
phyll and its analogues [7, 12, 13]. 

The particles formed in colloidal solutions and in suspensions may have fairly 
highly ordered structures [14, 15], and so the particles in the suspension may act as 
crystalline semiconductors. Measurements of the photovoltaic effect on films of 
chlorophyll [11] indicate that direct electron transfer from the medium to solid chloro- 
phyll is possible. 

These features, incorporated into the electronic theory of heterogeneous catalysis [17]. 
show that chlorophyll and its analogues photosensitize via their metastable excited 
states [16, 18], which take up electrons to give ion radicals; these then react with the 
electron acceptor. The particles are more or less crystalline, so energy taken in by 
molecules at the surface may be retained in the metastable triplet state [19], in which. 
it will migrate within the particle while no electron donor is present. But the evidence 
on photosensitization by colloidal solutions [8, 9] and by adsorbed pigments would 
indicate that the semiconductor aspects of the particles are not of decisive importance 
to the effects on redox reactions; the basic active unit would appear to be a single 
(surface) molecule rather than the particle as a whole. 

Reduced ion radicals may form at many points on the surface of a particle, which 
becomes a polyradical [17] when an electron donor is present; this would ensure that 
the particles are efficient sensitizers. It may be that increased concentrations of donor 
and acceptor near the surface of the particle are important to the effect, since these 
adsorbed layers would favour contact first with the donor and then with the acceptor. 
It is also possible that the medium (i.e. the pH) affects the photosensitization because 
it affects the double layer (i.e. the adsorption capacity). 

A necessary condition here is that the reaction should be irreversible, or at least 
should reverse only very slowly. In the cases we have studied, the products from the 
dye are unable to react with the products from the ascorbic acid. Ascorbic acid cannot 
be used in such reactions with, say, saffranin and riboflavin, because these are reversibly 
reduced. The molecules of these compounds do not act as traps for the electrons, 
and so the reduced forms produced in the light quickly react back in the dark. Even 
with solutions in organic solvents, these compounds are not greatly photosensitized 
by chlorophyll unless the temperature is very low [12]. The reduced products are 
formed in very small amounts, which rapidly react back, at ordinary temperatures [18]. 

The above mechanism for photosensitization is one that could occur in chloroplast 
granules, in which the pigment lies at the surface of the protein in very thin (possibly 
molecular) layers [l, 2]. A distribution of this kind provides the leaf with the most 
efficient use of the photosensitizer in photosynthesis (even if we neglect possible energy 


| 
4 
A 
| 
4 
| 
| 
| 
| 
| 
| 
| 
| 
, 


8 V. B. EvstiGNeEv and V. A. GAVRILOVA 


migration between chlorophyll molecules), since the surface the chlorophyll presents 
to the reacting compounds and to the scattered light within the leaf is very large. 
Specialized enzyme systems ensure that the electron transfers from donor to chloro- 
phyll and from chlorophyll to acceptor are irreversible; therefore conditions favour 
very efficient use of the radiant energy for the redox reactions of photosynthesis, 
which proceed in directions opposed to those that that would give thermodynamic 


equilibrium. 
Translated by J. E.S. BRADLEY 
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FIBRE AND THE PRE-EXISTENCE OF THE RESTING 
POTENTIAL* 
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(Received 2 March 1959) 


WE have previously [1] given results that indicate a sorption mechanism for the 
selective uptake of potassium ions into sarcoplasm of striated muscle fibres. (There 
is no doubt that the two main singly-charged cations — sodium and potassium — are 
distributed differently between the cytoplasm and the fluid surrounding the cell.) 
We have supposed that the tendency for potassium to concentrate within the cell is 
compatible with there being a fixed difference of potential between the protoplasm 
of the resting cell and the outside medium. This paper deals with our attempts to 
establish whether such a potential difference (resting potential, r.p.) exists, or whether 
it is an effect caused by the damage produced in the cell by the microelectrode. The 
method used is one developed previously, in which we used isolated sartorius muscle 
from grass frogs. The humid chamber consists of two compartments separated by 
a double partition, in which there is a slot to take the muscle. The electrodes (outside 
diameter 0-4-0-8 yw) are filled with Ringer’s solution. The circuits and calculation 
methods have already been described in detail [1-3]. 

We used special Ringer’s solution to change the r.p. reversibly; this had five or 
seven times the normal potassium content (the sodium content was less by an equivalent 
amount). To demonstrate that the depolarization actually was caused by the increased 
potassium concentration we added a few drops of a strong solution of potassium 
chloride at the end of the run in certain cases. In all we did over 1800 measurements 
on 133 fibres from twelve muscles. 

Most of the fibres in the sartorius muscle run its full length, so we could treat the 
two ends in the two isolated compartments with different solutions. One compartment 
would contain depolarizing solution and the other Ringer’s solution. These com- 
partments we shall in future call One and Two, and the corresponding indifferent 
electrodes E,; and E>. In every case the microelectrode (M) was inserted into the part 
of the fibre in the first cell. The curves (Figs. 1 and 2) illustrate two typical runs, 
which we shall use to describe the results. 

First, several fibres were used to measure the mean r.p. under normal conditions [3]. 
We assumed that the microelectrode had been put into a single fibre if the potential 
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stayed constant for 30 min; then the Ringer’s solution in the second compartment 
was replaced gradually by the special Ringer (five times the normal potassium content; 
Fig. |, fibre 4). The muscle often started to contract if the solution was changed rapidly. 
The new r.p. was reached only when the solution had time to diffuse into the space 
between the cells. 


Pn 


Resting potential 
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Fics. 1 and 2. Curves for two experiments. The numbers indicate the points at which the electrode was 
put into a new fibre. The points corresponding to any one fibre have been joined up. The arrows marked 
K~ indicate points at which the ordinary Ringer's solution began to be replaced by special potassium- 
rich Ringer’s solution those marked p denote the reverse process. The subscripts to K* and p indicate 
the cells in which the changes were made. 


Fig. | shows that the potential difference between M and E) falls as the potassium 
content of the solution rises; the potential recovers as the solution is replaced by ordinary 
Ringer. The depolarization and repolarization at the second end had no effect on 
the r.p. at the first end, which contained the microelectrode. When the r.p. of the 
end in the second cell had reached its former value and had stayed there for some while, 
the Ringer’s solution in the first compartment was replaced by the potassium-rich 
solution. Then the r.p. in that part of the compartment fell; the initial value was 
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recovered when the compartment was flushed with normal Ringer's solution even 
though that part of the fibre had the microelectrode in it. 

Before we discuss the curves further, we must deal with two points that complicate 
the issue. Firstly, the fibre is always more or less extensively damaged by the electrode; 
the greater the damage the more rapidly the r.p. falls [1, 3], as in fibre 9 of Fig. 1, 
which was badly damaged. Therefore the r.p. curves always represent joint effects 
from the fall caused by the damage and from the treatments given to the fibre. Secondly, 
the potential difference between M and E; or E> depends on the part of the fibre into 
which M is put. If measurements are made between M and E£), the result may be taken 
as the best r.p. (if the damage is slight); if the part in the second cell is depolarized, 
the potential difference recorded between M and E) will be too large, whereas, if the 
part in the first cell is depolarized, the result will be too low. The relation between 
the actual and measured differences will depend on the insulation between the two 
cells. The resistance at the join between the compartments is unimportant if the two 
parts of the fibre are equally polarized, because no current can flow. 

This argument leads us to conclude that the potential measured between £, and F 
would correspond to the actual difference in polarization if we could by some means 
produce at the join between the compartments a resistance equal to that at the boundary 
between the sarcoplasm and the solution. Then the potential between M and E> would 
correspond to the best value of the r.p. for the part of the fibre in the second com- 
partment. It is unfortunate that the slot between the compartments, which is filled 
by conducting solution, acts as a low-resistance shunt and prevents us from introducing 
a high resistance between the two solutions. 

Thus the initial fall in r.p. found for the part of the fibre in the second compartment 
when the depolarizing solution is added is in fact only an apparent fall, although this 
apparent fall soon becomes a real one, which reflects the fall in the r.p. for the part 
of the fibre in the second compartment. The three measurements (M to E), M to E3, 
and E; to E>) taken together can indicate the cause and site of any change in the r.p. 

We do not always find the fall in the r.p. for the part in the second compartment 
found at the end of the run with fibre 4 of Fig. 1; the two sets of curves show that 
prolonged depolarization sometimes (but not always) causes that part of the fibre 
to die quickly. This may appear either as failure of all fibres in that muscle (Fig. 1, 
fibre 4), or as failure of that fibre only (Fig. 2, fibre 3), to recover the normal r.p. 
after depolarization. The effect may set in during the depolarization (Fig. 2, fibre 3), 
or at the start of the washing (Fig. 1, fibre 4), or when the initial r.p. has been reached 
completely (or nearly so), as in Fig. 2, fibre 5. 

To show that the changes in r.p. caused by changes in potassium content occur 
in fibres other than the one under test, we measured the r.p. on depolarized parts 
of other fibres. Here there was no need to measure the r.p. of one fibre for a long 
time, i.e. to insert the electrode especially well, so the curve (e.g. for fibres 11 and 18 
of Fig. 1) are not very good, although they show quite clearly the new values of the r.p. 

The r.p. measured on the part of the fibre in the first compartment after depolari- 
zation (fibres 12-18 of Fig. 1) is such as to show that the results for one fibre reflect 
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accurately what is occurring in others. The same may be said of fibres 1-11 and 19-24 
of Fig. 1, for which the r.p. was measured when the depolarizing solution had been 
replaced by normal Ringer’s solution. 

The effects illustrated in Figs. 1 and 2 occurred in every other test without exception. 
This result shows that depolarization as a result of increased potassium concentration 
in the external fluid is completely reversible, if the potassium concentration does not 
fall outside certain limits. 

There are two ways in which these results might be interpreted from alteration 
theory. 

(1) Reversible denaturation occurs (the protein-electrolyte complexes are broken 
up) as a result of the increased concentration of the extracellular potassium. In this 
case, though, the potentials recorded by intracellular electrodes ought to increase, 
or at least to stay unchanged; they should not fall, since alteration (damage) theory 
assigns the measured potential differences to damage caused to the fibres. Reversible 
damage caused by extracellular potassium ought to increase the size of the damaged 
area, which should increase the r.p. instead of reducing it. In our tests a potassium-rich 
solution had the reverse effect, but an alternative explanation can be given. 

(2) Increase in the potassium concentration, within certain limits, does not cause 
reversible denaturation. The potassium concentration gradient between the damaged 
area and the external fluid is reduced, so the potential is also reduced. But then we 
have no means of explaining how it is that the opposed parts of the fibre are depolarized 
when a potassium-rich solution is put into the second compartment, since these parts 
have not been damaged by the electrode. 

The only conclusion can be that a thin electrode properly inserted into a fibre 
causes no important damage and makes good contact with the cell contents, which 
have a potassium concentration much higher than the extracellular fluid does. (The 
activity coefficient of the intracellular potassium should not differ greatly from that 
of the potassium in a normal solution). 

Therefore the r.p. exists independently and is not simply a result of inserting the 
electrode into the fibre. The fall in the potential results from a reduction in the con- 
centration gradient. The depolarization is fully reversible, which shows that increased 
potassium concentration in the extracellular fluid has no important effect on the 
intracellular concentration, if the cell is not damaged in any other way. High potassium 
concentrations often cause irreversible depolarization, and, if high enough, they can 
even reverse the sign of the potential difference. The contents of the compartment 
behave electrochemically as a potassium electrode. 

Here we have dealt mainly with the qualitative aspects of the phenomena. Jenerick 
[4], Adrian [5] and others have dealt in detail with the quantitative aspects. Theory 
indicates that a fivefold increase in the potassium concentration in the extracellular 
fluid should cause the r.p. to fall by about 40 mV; our tests give values of 30-37 mV, 
which values agree roughly with Adrian’s, which imply a fall of about 36 mV. 

There is nothing novel in assuming that the resting potential exists independently; 
adherents of the membrane theory make this assumption, and they appear to be right. 
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We cannot agree with them, however, when they claim that some membrane mechanism 
is responsible for the selective concentration of potassium within the cell. In our 
previous paper we gave evidence to suggest that potassium accumulates in the sar- 
coplasm by a sorption mechanism. Here we give evidence that the r.p. exists indepen- 
dently. It is usually assumed that the two are mutually exclusive, but the answer to 
this problem must, as we have said before [1], be sought in the theory of polyelectrolytes. 


CONCLUSIONS 


The object of this work was to obtain the extra data needed to elucidate whether 
there is an independent potential difference to be recorded from single muscle fibres 
by means of intracellular electrodes. The results show that the potential difference 
is real, and that the fibre is reversibly depolarized when the extracellular potassium 
concentration is increased within certain limits, no matter whether a microelectrode 
is inserted or not. It is supposed that the cell takes up potassium selectively via a sorption 
mechanism operating on the intracellular structures, and not via a membrane mecha- 
nism; consequently, there is a potential difference between the sarcoplasm and the 
extracellular fluid, mainly because there is a concentration gradient for potassium. 
It is suggested that these effects may be explained in terms of the capacity of intra- 
cellular proteins to sorb potassium ions selectively; use is made of the analogy with 
artificial polyelectrolytes, which can selectively sorb ions of small radius and opposite 
sign from a solution containing several species of ions of that sign and charge. A fair 
amount is now known about polyelectrolytes [6, 7]; for instance, the activity coefficient 
of the selectively sorbed ions does not differ greatly from that for those same ions 
in solution. Hence our arguments above are justified. 


Translated by J. E.S. BRADLEY 
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(Received 27 April 1959) 


ELUCIDATION of the nature of rhythmical processes in nerve structures is of great 
importance in the solution of many problems in modern neurophysiology. Interest 
in this problem was stimulated particularly by the discovery of rhythmical variations 
in the potential in all nerve formations — from the nerve ganglia of molluscs to the 
cerebral cortex of higher animals. The experimental development of this problem 
lies in a study of the role of the autonomic and reflex processes in the formation of 
the periodic activity of the nervous system. For many years such experiments have 
been carried out in relation to the respiratory centre —a nerve centre with clearly 
marked rhythmical activity. The autonomic activity of the nerve cells of the respiratory 
centre of warm-blooded animals is now generally recognized. This initially regular 
activity of the centre is transformed into phased periodic activity through the agency 
of reflex influences [1-4]. 


Despite the general recognition of these ideas, the problem of the nature of the 
automaticity of the respiratory centre and its mechanism of interaction with reflex 
influences has been insufficiently studied by reason of the complex morphophysio- 
logical structure of this centre in higher animals. To formulate all the relationships 
involved, comparative physiological investigations are needed to establish the history 
and development of the autonomic and reflex processes taking part in the production 
of the periodic activity of the respiratory centre. 

The present work deals with the results of a study of the nature of the rhythmical 
activity of the respiratory centre in fish. This centre, according to Hyde [5, 6], consti- 
tutes an intermediate form of control of respiratory movements between the purely 
segmental form of control in invertebrates and the single respiratory centre of the higher 
vertebrates. Vulpian [7] and Steiner [8] were the first to show that destruction of a 
definite region of the medulla oblongata in fish leads to cessation of respiration. 
Later, the investigations of Hyde, Kappers [9] and Dirken and Woldring accurately 
charted this centre. According to these workers, the respiratory centre in fish takes 
the form of a group of nerve cells of the three pairs of cranio-cerebral nerves — facial, 
glossopharyngeal and vagal. 


* Biofizika 4: No. 6, 657-665, 1959. 
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Two points of view are to be found in the literature on the nature of the rhythmical 
activity of the respiratory centre. The first has its origin in the investigations of Bethe 
[10, 11] who argued that the respiratory apparatus in fish and Amphibia is exclusively 
reflex in nature. This hypothesis was later developed by Kravchinskii [12] and Powers 
and Clark [13]. On the basis of experiments with sectioning of the cranial nerves, 
Kravchinskii concluded that afferent influences from the vascular chemoreceptor 
region play an exclusive role in maintaining respiration in fish. Powers and Clark 
consider that the activity of the respiratory apparatus in fish is determined by reflex 
influences entering the respiratory centre via the glossopharyngeal nerve. In 1931, 
Adrian [14, 15] on the basis of recordings of the slow variations in potential of the 
isolated brain stem of goldfish, of the same period as respiration, concluded that the 
activity of the fish respiratory centre is of an autonomic nature. This point of view 
was supported by Hukuhara er a/. [16] on the basis of his findings that the normal 
character of the electrogram of the respiratory centre is maintained for a certain period 
of time after deafferentation of the centre. 

Hence, there are in the literature two mutually exclusive opinions on the nature 
of the respiratory rhythms in fish which points to the need for further research. 

We attempted to explain the mechanism of the rhythmical activity of the fish 
respiratory centre by studying the role of afferentation in the production of this activity. 
In so doing we started from the premise that afferent influences are of prime importance 
in the production and regulation of the various manifestations of rhythmical activity 
in the nervous system [17]. 


METHODS 


Carp, weighing 300-400 g, were used in the experiments, the state of the respiratory 
centre being recorded on an electrogram. This type of electrogram was first described 
by Dirken and Woldring [1], who established the boundaries of the region from which 
it is possible to pick up the biopotentials arising for each respiratory act. This region 
can be represented by two symmetrical strips 1-5-2 mm in length, located at a depth 
of 2-5-3-5 mm from the dorsal surface of the lobus facialis of the medulla oblongata 
at a distance of 0-5 mm from the centre line. 

In our experiments, the biopotentials of the respiratory centre were recorded by 
means of constantan electrodes of 100-150 » diameter. The interelectrode distance 
was so fixed that one electrode was in the test region and the other in a zone known 
in advance to be inactive. The currents led off were recorded by means of a loop 
oscillograph after suitable amplification. At the same time, recording was made of 
the movements of the gills, the mechanical energy of which was transformed into 
electrical energy by means of a specially-designed instrument. During the tests the 
fish was fixed in a special stand and placed in a crystallizer containing water. After 
dissecting the cranial tegmentum the electrodes were lowered into the region of the 
respiratory centre with use of a micromanipulator. 

The results of our experiments showed that volleys of high frequency pulses, arising 
with each respiratory act, could be recorded from this region. The pulse volleys 
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were, as a rule, recorded in the period of the respiratory pause before inspiration 
(abduction of the gills). With very frequent respiration, when the time between the 
moment of adduction of the gills (expiration) and abduction (inspiration) was shor- 
tened, the pulse volleys coincided with the period of inspiration. Sometimes the volleys 
were of greater duration covering both the inspiration and expiration periods (Fig. 1). 


Fic. 1. Characteristic electrograms of fish respiratory centres. On each oscillogram the upper tracing 
is the electrogram; the lower, the gill movements. 


The characteristics of the bioelectric activity of the respiratory centre (from the 
results of 80 tests) were as follows: the duration of the pulse volley was 0-1-0-6 sec: 
the pulse frequency per volley and pulse amplitude were usually increased towards 
the middle of the volley and somewhat reduced again towards the end, the mean 
frequency of the pulses (calculated in the middle of the volley when it was relatively 
constant) varied from 40 to 90 per sec. The pulse amplitude also varied within fairly 
wide limits from 20 to 110 pV. 

The main features of the volleys recorded by us fully coincided with those noted 
previously for the bioelectric activity of the respiratory centre of fish [16] and warm- 
blooded animals [14, 15, 18]. 

The volleys of pulses were sometimes recorded in our tests against a background 
of constant electrical activity in the form of separate spikes with a frequency of 


* 
‘ 
e 
es, 


Relationship between autonomic and reflex processes in fish 17 


40-70 c/s. The nature of this activity is not clear to us, but it is possible that it arose 
as the result of damage to the nerve structures on inserting the electrodes. 


RESULTS 
Our findings on the localization of the active zone coincided with those of Dirken 
and Woldring [1]. No pulse volleys in rhythm with respiration could be obtained from 
the other part of the lobus facialis nor from the vagal lobes (Fig. 2). Moreover, the 
slightest shift towards this area led to the disappearance of the pulse volleys which 
were restored as the electrodes were returned to their original position. 
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Fic. 2. Schematic representation of lobus facialis of fish medulla oblongata. Numbers 
indicate sites of insertion of electrodes, emphasized numbers indicate areas from 
which bioelectric activity was recorded in rhythm with the gill movements. 


Our findings thus confirm the published data on the possibility of recording from 
the fish respiratory centre the action currents arising with each respiratory act. The 
electrogram served in our experiments to indicate the state of the respiratory centre. 

Our study of the role of afferentation in the rhythmical activity of the respiratory 
centre started with the elucidation of the role of the afferent influences which approach 
the centre via the VIIth, [Xth and Xth pairs of cranial nerves. As we have already 
stated, it is assumed that nerve cells in these nerves form the respiratory centre in fish. 
The outline of the experiment was as follows: an electrogram of the respiratory centre 
was recorded in an intact fish, the character of the bioelectric activity thus recorded 
serving as standard. The relevant nerve was then excluded and the biopotentials of 
the centre again recorded. 
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(1) Exclusion of facial nerve 


The facial nerve of bony fish on leaving the medulla oblongata immediately bran- 
ches into the lateral line nerve and the facial nerve proper. In our experiments both 
nerves were excluded either by sectioning or by means of an anelectrotonic block 
of the nerve trunks. Both unilateral and bilateral sectioning of the nerves was performed ; 
since the respiratory centre in fishes consists of two symmetrical formations, it was 
of interest in the former case to trace the changes in its “operated” and “intact” 
sections. 

On unilateral sectioning of the facial nerve, the gill movements on the corresponding 
side ceased abruptly. The contralateral respiratory movements remained normal with 
only an occasional reduction in their rhythm. 

In the first moments after operation the bioelectric activity of the “operated” part 
of the centre was expressed in the form of separate and irregular potential spikes and 
no volleys of pulses synchronous with respiration could be detected in this period; 
but 2-5 min after operation the pulse volleys were renewed in rhythm with the respiratory 
movements of the intact gill (Fig. 5 (c)). The bioelectric activity of the “intact” part 
of the respiratory centre was normal throughout the experiment (Fig. 3). 


Fic. 3. Electrogram of respiratory centre after unilateral sectioning of facial nerve 
Electrogram of “non-operated” part of respiratory centre. 


In some experiments the gill movements on both sides ceased on unilateral sectioning 
of the facial nerve, in which case the bioelectric activity of both parts of the respiratory 
centre was identical and similar to that shown in Fig. 3. After 1-3 min the movements 
of the intact gill and at the same time the volleys of potential spikes from the centre 
started again. Unfortunately, we were unable to perceive a precise relationship between 
the reappearance of the gill movements and the volleys of potentials synchronous 
with them, but it is of interest that the pulses of the “intact” part were restored before 
those of the “operated” centre. 

Pulse volleys with the same rhythm were always recorded from both parts of the 
respiratory centre in all the experiments. 

With bilateral sectioning of the facial nerves the gill movements on both sides ceased 
immediately after sectioning and in the first 2-3 min the bioelectric activity was very 
weakly marked, after which time the normal pulse volleys were restored in rhythm 
with the respiration of the intact fish (Fig. 4 (a)). Such volleys were recorded for 
7-10 min, after which volleys of longer duration than normal appeared; the average 
duration of each volley was 1-2-3 sec as against the normal 0-1-0-6 sec. The character; 
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of the pulses was sometimes changed, with, as a rule, diminished amplitude and fre- 
quency. This type of pulse volley could be recorded for more than 1 hr. Their rhythm 
20-25 min after sectioning had settled at 5-7 per min (Fig. 4 (b) and (c)). 

We assumed the changes in bioelectric activity of the centre in the initial period 
after sectioning to be the result of the traumatizing effect of the operation itself and 
made several control tests in which the nerves were excluded by an anelectrotonic 
block. On either side of both facial nerves d.c. anodes were applied with the cathode 
adjacent to the bones of the skull. 


Fic. 4. Electrogram of respiratory centre after bilateral sectioning of facial nerves. (a) 5 min after 
sectioning; (b) 15 min after sectioning; (c) 20 min after sectioning. 


With a unilateral block of the facial nerve, the gill movements of the corresponding 
side ceased immediately but there was no change in the character of the biolectrica! 
activity on either the treated or untreated side of the respiratory centre. Removal 
of the block led to rapid restoration of gill movements. 

Similar results were obtained with a bilateral anelectrotonic block of the facial 
nerves: the gill movements on both sides ceased but the character of the bioelectric 
activity of the centre remained normal for the entire period of passage of the current. 
Switching off d.c. current led to restoration of the gill movements on both sides. 

Thus, the following conclusion may be drawn from a comparative estimate of 
all the experiments in which the facial nerves were excluded: in the initial period after 
cessation of the gill movements (for 7-10 min) the electrogram of the respiratory 
centre maintained its normal appearance. Changes in the electrical activity of the 
centre started 10-15 min after operation and were seen in replacement of the normal 
pulse volleys synchronous with respiration by long pulse volleys with a rhythm of 
5-7 per min. 


(2) Exclusion of glossopharyngeal nerve 
This nerve was excluded by sectioning it at a distance of 1-2-2 mm after it left 
the medulla oblongata. The character of the gill movements and biolelectric activity 
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of the respiratory centre changed little on unilateral sectioning of the glossopharyngeal 
nerve although sometimes slight changes were observed in the rhythm of the respiratory 


movements. 
With bilateral sectioning, the gill movements were always maintained on both 
sides, although, as a rule, there were certain changes in the character of the movement, 
usually seen in an increased rhythm. The character of the electrogram remained normal. 
In some cases, the amplitude, number of pulses per volley and the form of the volley 
were somewhat changed but it was impossible to detect any well-defined pattern of 
change. Apparently, the changes were the result of a certain traumatizing effect during 


the operation. 


(3) Exclusion of the vagal nerves 


Sectioning of the vagal nerves was made | mm distant from the vagal lobes in 
the medulla oblongata. 

The movements of the gills on the corresponding side usually ceased for a certain 
time after unilateral sectioning of the nerve. During this period the electrical activity 
of the “operated” part of the respiratory centre was clearly marked, but no pulse 
volleys were recorded. After a certain lapse of time (usually 1-3 min), the gill move- 
ments were restored and simultaneously there appeared the pulse volleys of the 
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(c) 


Fic. 5. Electrogram of respiratory centre after bilateral vagotomy. (a) 5 min after operation; (b) 20 min 
after operation; (c) electrogram of respiratory centre immediately after unilateral sectioning of facia! 
nerve (operated side). 


“operated” side of the respiratory centre; both manifestations were in rhythm with 
the gill movements of the intact side. The results obtained in these tests were similar 
to those on unilateral sectioning of the facial nerve. In this case also the changes in 
bioelectric activity of the centre were apparently the result of a traumatizing effect 
of the operation since sectioning of deep-lying branches of the vagus is a fairly com- 
plicated operation, often accompanied by heavy haemorrhages. 
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With unilateral exclusion of the vagus by means of an anelectrotonic block, no 
changes occurred in the character of respiration, nor were any observed in either part 
of the respiratory centre as judged by the normal character of the electrogram. 

Bilateral vagotomy produced by sectioning gave the following results. After a short 
period of shock the gill movements and the normal electrogram of the respiratory 
centre were restored (Fig. 5 (a)). After 10-15 min changes were seen in the electrical 
activity of the centre very similar to those on bilateral exclusion of the facial nerves. 
It is very interesting that the gill movements ceased in the period when, instead of 
the volleys of pulses, the new form of electrical activity occurred (Fig. 5 (b)). 

When the vagal nerves were excluded by means of a direct current, it was 
established that the character of respiration and the electrogram of the respiratory 
centre were normal immediately after exclusion of the nerve. Sometimes the rhythm 
of respiration was accelerated, apparently as a result of a certain irritating effect of 
the direct current. To check on whether a blocked segment had been produced in 
the nerve, the anode was transferred to the facial nerve containing motor fibres where- 
upon the gill movements ceased. Thus, in these experiments essentially the same 
changes were observed in the character of the electrogram of the respiratory centre 
as with exclusion of the facial nerves. The difference being that in the initial period 
after exclusion of the vagus and while the electrogram retained its normal appearance, 
the respiratory movements were also maintained, ceasing only after changes in the 
electrical activity of the centre. 

The experimental results may be summed up briefly as follows: 

(1) the facial nerve in the fish studied is essentially a motor, efferent nerve and 
its exclusion leads to irreversible stoppage of the gill movements. This conclusion 
was confirmed in a further experimental series in which after unilateral sectioning 
of the facial nerve the gill movements could be elicited by stimulation of the peripheral 
end of the sectioned nerve by an induced current; 

(2) in the case of unilateral sectioning of the facial nerve and in the absence of pulse 
volleys from the “operated” part of the respiratory centre, it was possible to record 
normal pulse volleys corresponding to the gill movements from the other part which 
apparently points to the possibility of independent functioning of each of the sym- 
metrical parts of the respiratory centre; 

(3) with unilateral sectioning of the facial nerve, pulse volleys in rhythm with the 
respiratory movements of the “intact” side were observed after 3-5 min from the 
“operated” side of the respiratory centre, which indicates definite functional inter- 
relations between both symmetrical formations in the respiratory centre of fishes: 

(4) the afferent influences arriving at the respiratory centre of this fish via the 
glossopharyngeal nerve are not of fundamental importance in the production of rhyth- 
mical activity and the activity of the centre shows practically no change with bilateral 
sectioning of this nerve; and 

(5) on bilateral exclusion of the facial or vagal nerves very similar changes develop 
in the electrogram of the respiratory centre, namely, the normal character is maintained 
within the first 5-10 min at which stage a new form of electrical activity of the centre 
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appears with a periodicity of 5-7 per min. During the period when the new form of 
electrical activity occurs, the gill movements cease in the case of exclusion of the vagal 
nerves, despite the presence of intact motor nerves. 


We suppose that in both cases the changed activity of the centre was due to the 
cessation of afferent influences which in normal conditions arise from the respiratory 
movements. The cessation of the gill movements on sectioning the facial nerves is 
associated with exclusion of the efferent pathway to the gills, whereas exclusion of 
the vagal nerves apparently interrupts the afferent pathways. 


The main conclusion we draw from our work is that the same structures in the 
respiratory centre display different activity in the presence or absence of afferent 
influences. 

It may be assumed that the latter type of activity reflects the autonomic processes 
of the centre. This assumption is in agreement with the point of view of Adrian and 
Hukuhara [14-16] outlined above. There is, however, a certain disagreement in the 
assessment of the rhythmical activity of the centre which forms the basis of the normal 
respiratory act. According to these workers, respiration is brought about as the result 
of the autonomic activity of the centre. The data obtained in our experiments indicate 
that the so-called respiratory rhythms of the centre arise as a result of interaction 
between the autonomic processes of the centre and afferent, reflex influences. When 
the latter are excluded, respiration ceases despite the fact that the autonomic activity 
of the centre is maintained. 

The conclusions of Adrian and Hukuhara [14-16] are based on the fact that the 
normal rhythmical activity of the centre is maintained for a certain time after deaf- 
ferentation. We also observed this, but are inclined to the view that it reflects the 
capacity of the nerve cells of the fish respiratory centre to assimilate the rhythm of 
preceding afferent influences. 

This tentative conclusion requires special experimental demonstration. In later 
communications we shall report the results of such experiments. 

The authors wish to express their deep gratitude to Prof. Kh. S. Koshtoiants at 
whose suggestion and under whose guidance the present investigation was carried out. 


Translated by A. Crozy 
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THE EFFECTS OF ESERINE ON THE ACTION POTENTIAL 
AND ON THE IMPEDANCE SPIKE IN FROG NERVE* 


I. F. PRUDNIKOVA 


Faculty of Soil Biology, Lomonosov State University, Moscow 


(Received 18 May 1959) 


THE ionic concentration gradient is taken to be the source of the action potential in 
membrane theory of nerve action. We consider here how this source of e.m.f. is 
activated, and how the selective permeability is altered at the instant of stimulation. 


The temperature coefficient of the rate of rise of the potential is 2 or 3, so the 
reaction must be very fast. Nachmansohn’s very interesting theory is dealt with most 
fully in his joint review article (with Wilson) of 1954 [1]. He holds that acetylcholine 
and cholinesterase play the main part in changing the permeability. The acetylcholine 
is present in the cell in a bound (inactive) form under resting conditions; the current 
in the nearby part of the nerve splits up the protein—acetylcholine complex. The free 
acetylcholine acts on the protein in the membrane, which is the receptor, and forms 
a complex with it; this alters the structure of the protein, and hence, in Nachmansohn’s 
view, alters the membrane permeability. The intracellular cholinesterase hydrolyses 
the acetylcholine, releases the receptor protein, and so restores the initial permeability. 
This explanation indicates the reactions responsible for the permeability changes; 
it has been confirmed by the many results obtained by Nachmansohn and his colle- 
agues [2-12]. 

The present work was suggested and directed by Professor Koshstoiants; it deals 
with the effects of a cholinesterase inhibitor (eserine) on the action potential and 
conductivity changes in frog nerve. This compound was used because acetylcholine 
resembles other quaternary ammonium compounds in not entering the axon [13], 


* Biofizika 4: No. 6, 666-676, 1959. 
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and because Nachmansohn’s theory implies that acetylcholine is released and acts 
intracellularly [10]. Eserine enters the axon readily, and its effects on cholinesterase 
are reversible. 

Because the action potential bears no direct relation to the permeability of the 
membrane, we also made conductivity measurements, since the conductivity is directly 
related to the number of ions crossing unit area of the membrane in unit time, i.e. 
is directly related to the permeability [14]. Such measurements have not been made 
by those who have studied the roles of acetylcholine and cholinesterase. 


METHODS 
Our apparatus enabled us to measure the action potential and the conductivity 
change (impedance spike) during stimulation. The action potential was recorded with 
a three-stage resistance-coupled voltage amplifier. The sweep of the 2KO/721 double- 
beam oscilloscope was synchronized with the stimulus. The conductivity change was 
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Fic. 1. The Chamber. Electrodes I and II record the conductivity change, I and III record the action 
potential. The stimulating electrodes are 30 mm away from Electrode I, 34 mm from II, and 40 mm 
from III. 


recorded with a bridge coupled to a two-stage tuned amplifier*; the sensitivity was 
10 mm for +0-01°%. A GRAKh stimulator was used at 40 c/s with 0-1 msec square 
pulses. The nerve was the trunk of the sciatic nerve from Rana temporaria; Fig. | 
shows the chamber used to hold the nerve. There are five sections in the polymethyl 
methacrylate chamber. Part a (containing the stimulating electrodes) was sealed; 
parts b, c and d were filled with Ringer’s solution and part e was filled with isotonic 
KCI (to record the action potential monophasically). The nerve was dried on filter 
paper and then was fixed in the chamber. The outer cover of the nerve was then cut 
open and pulled apart, in part c, by means of specially sharpened needles. This helped 
the compound to reach the axon [16]. Then the holes between the parts were closed 
with dry petroleum jelly, and the solutions were run in. After 30 min the tests were 
started and the maximum stimulus was determined. Then an alternating current 
(35 ke/s) was applied to the part of the nerve between the conductivity electrodes; 
the input to the bridge was 100-200 mV, which was much below the threshold at that 
frequency. The bridge was balanced; then a stimulus in excess of the maximum was 
given. The stimulus followed by the action potential was seen on the oscilliscope and 


* This apparatus is described in more detail elsewhere [15]. 
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was photographed with a time mark (0-1 or 0-2 msec) in the second channel. The 
sweep was the same in both cases. The measurements were repeated 15 min later, 
to check the stability. 

Then the Ringer in part c was replaced by eserine dissolved in Ringer. The above 
measurements were made 15, 30, 45 and 60 min later. Next, the eserine solution was 
replaced by fresh Ringer, and a further set of measurements was made 30 min later. 
During the tests (which lasted 3-5 hr) the action potentials and conductivity changes 
did not deviate from their initial sizes by more than 3-5 per cent. The total resistance 
was hardly affected by the changes of solution. 


RESULTS 


In most cases the eserine concentration was M/100; Lorente de No’s results show 
that this concentration blocks frog sciatic nerve after 100 min [17]. Fig. 2 shows the 
records from one run. The M/100 eserine acted on part c for 60 min before being 


Fic. 2. The effects of M/100 eserine applied to section c of the nerve. (1) Before eserine is applied, 
(2-5) 15, 30, 45 and 60 min after applying eserine, (6) 50 min after removing eserine. Time marks 0-2 msec. 
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replaced by Ringer. Within 15 min the conductivity change had decreased by 52 per cent, 
whereas the action potential had decreased by only 14 per cent; the corresponding 
values for 60 min were 80 per cent and 45 per cent. This preferential effect on the 
conductivity change is to be expected if the eserine affects the permeability. 


Fic. 3. The effects of M/500 eserine applied to section c of the nerve. (1) Before eserine is applied, 
(2-4) 30, 60 and 90 min after applying eserine, (5) 30 min after removing eserine. Time marks 0-1 msec. 


We used the nerve trunk, so the effects might have been caused by the eserine’s 
blocking the fibres one by one; this did happen if the eserine acted for a long time. 
Now the effect on the conductivity change was very much greater than that on the 
action potential during the first 15 min, so we may take it that the eserine altered the 
state of the single fibres but did not block a group of fibres during the first 10-15 min. 
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This is confirmed by the results from runs with M/500 eserine. Lorente de N6 has 
shown that eserine does not block frog sciatic nerve at this concentration [17]. Fig. 3 


Fic. 4. Blocking action of M/100 eserine applied to part 5. (1) Before eserine is applied, (2-5) 15, 30, 
45 and 60 min after applying eserine, (6) 40 min after removing eserine. Time marks 0-2 msec. 


shows the results from one run, in which the M/500 eserine acted for 90 min; the action 
potential lessened by only 10 per cent, and the conductivity change by only 30 per 
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TABLE |. VARIATIONS IN ACTION POTENTIAL AND CONDUCTIVITY CHANGE WHEN ESERINE ACTS ON REGION c* 


Test Eserine Time acting Action potential | Conductivity change 
No. (M) (min) (%) (%) 


0 100 
15 
30 
50 


100 


10° 
29 


* The values before the eserine was administered are taken as 100 per cent. The temperature was 


22°C. 


cent. The corresponding values for 60 min were, respectively, virtually zero and 20 per 
cent, so this eserine concentration at 60 min had not blocked any fibres, but had 
affected the conductivity change in each fibre. Table 1 gives the results from several 


runs. 


2 10-2 0 100 = 
ae 86 48 
30 82 44 
45 68 28 
55 20 
3 10-2 0 100 
91 57 
25 82 38 JOL. 
40 82 38 A 
73 38 
| 54 28 
45 24 
4 10-2 0 100 
10 86 
= 73 50 
40 59 35 
60 45 
0 100 100 
10 90 
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In order to find more exactly the time at which eserine starts to block the nerve 
and how this blocking affects the conductivity change we allowed the eserine to act 
on part b, between the stimulating and recording electrodes. In these experiments 
the sheath was removed at b and c, so the eserine acted equally at these points. We 
detected only the blocking action of eserine; Fig. 4 gives the results from one run. 
We see that the action potential and conductivity change altered together here. The 
effects can be seen from the results listed in Table 2. The eserine (M/100) was applied, 
as above, to part b. 

The tests with M/500 eserine, and those just described, show that at first eserine 
had little or no blocking action, so the conductivity change could not be affected in 
that way; therefore the effects must have been caused by impedance changes in the 
axons. Table | shows that within 15 min the conductivity change was lessened by 
30-50 per cent by M/100 eserine; the change was related to the rate of passage of ions 


TABLE 2. VARIATIONS IN ACTION POTENTIAL AND CONDUCTIVITY CHANGE 
WHEN ESERINE HAS A BLOCKING ACTION 


Action Conductivity 
potential change 


Test | Time acting 
No. | (min) 


through the membrane, so the effect must have been caused by a reduction in the rate 
of change of permeability. This is confirmed by some results (Table 3) on the effects 
of eserine on the rate of change of the action potential. The eserine was applied in 
part c (Fig. 2). It is clear that the rate of rise decreased by 25-30 per cent, i.e. by an 


TABLE 3. ESERINE-INDUCED CHANGES IN THE MEAN RATE OF RISE OF THE ACTION POTENTIAL 


Test No. I 2 3 4 5 6 ‘ 
| | | | | | 

| Before applying | 19| 16| 18) 17; 20. 16! 16 
eserine | 


Mean rate 
of rise 
| applying eserine| 


‘ 
A 
| | | 
} 
| ( 7o) | (%) 
l 0 100 100 
15 94 100 
30 77 96 
45 67 85 
60 55 69 : 
a 2 0 100 100 as 
10 100 100 
A 
60 75 93 
110 50 57 
10 87 94 
30 | 75 87 
: 
; 
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Fic. 5. The effects of prolonged stimulation in conjunction with eserine (M/100). (1) Before eserine 

is applied, (2) 10 min after applying eserine, (3) 30 min after replacing eserine by Ringer, (4) 10 min 

after applying eserine and stimulating continuously at 40 c/s, (5) and (6) 30 min after replacing eserine 
by Ringer, (7) 10 min after applying eserine, (8) 30 min after replacing eserine by Ringer. 
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amount of the same order as the fall in the conductivity change. This is fresh proof 


that the rate of change permeability is affected. 
The lessened conductivity changes can be explained from two somewhat different 


points of view: 
(1) The eserine inactivated the intracellular cholinesterase; the acetylcholine freed 


in nearby areas by the action current increased the permeability. The acetylcholine 
was not hydrolysed, so the permeability stayed at a higher value and ions continued 
to diffuse through more rapidly when the nerve was at rest. The results were a fall 
in the difference between the ion currents during the response and when the nerve 
was at rest, and a smaller change in the electrical conductivity. 

(2) The eserine reacted with cholinesterase within the membrane; the acetylcholine 
could not combine with the cholinesterase and so affect the permeability. Therefore 
the permeability change would be less marked, and the conductivity change would 
be smaller. 

To solve this problem we kept the nerve under continuous stimulation, with maximai 
40 c/s stimuli in some instances. If the membrane contains no cholinesterase, of which 
the sole function is to destroy the acetylcholine, this latter may have accumulated 
in the free state in the eserine-treated nerve, and the permeability of the resting nerve 
would have been much increased. The more pulses pass the greater would have been 
the rise in the resting permeability, i.e. the smaller the conductivity change would 
have become. Therefore on this view we would have expected that prolonged stimulation 
and treatment with eserine should have had a greater effect than treatment with eserine 
alone. But this was not so; Fig. 5 shows one such set of results. First eserine (M/100) 
acted on the nerve for 10 min; the eserine was then replaced by Ringer and the nerve 
was stimulated continuously for the same time. Following this, the eserine was brought 
back again for 10 min. In the first case the change was lessened by 23 per cent and 
the action potential by 14 per cent; in the second the values were 40 per cent and 
20 per cent respectively; and in the third they were 44 per cent and 25 per cent. Similar 
effects were found in other experiments; in each case the effect was related to the time 
for which the eserine acted, and not to the use or otherwise of continuous stimulation. 
This result agrees best with the view that the membrane contains cholinesterase, since 
if this latter is inhibited by eserine, then, no matter how much acetylcholine is freed 
by prolonged stimulation, the permeability should not be affected. Therefore prolonged 
stimulation should have no effect on the conductivity change. 


SUMMARY 
(1) Eserine at M/100 had no blocking action on nerve fibres within 10-15 min, 
but the conductivity change was lessened by 30-50 per cent. 
(2) The conductivity change was more sensitive to eserine than the action potential 
was; the effect is explicable if the eserine affected the permeability of the membrane. 
(3) Eserine reduced the conductivity change and the rate of rise of the action 
potential by about equal amounts, which showed that eserine retarded the permeability 


change. 
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(4) The acetylcholine-cholinesterase system plays a large part in transmitting 
excitation waves along the myelinized nerve fibres of vertebrates because it is con- 
cerned in the permeability changes in the membranes. 

Nachmansohn’s theory, with cholinesterase as the protein receptor, gives the best 
explanation of the results from the prolonged-stimulation tests; the compound formed 
between cholinesterase and acetylcholine at the start of hydrolysis may cause the rise 
in permeability. 


Translated by J. E.S. BRADLEY 
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IN BEAN CUTTINGS TREATED WITH HETEROAUXIN * 
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IN recent years substantial progress has been made in the study of bioelectric potentials 
(b.p.) of plants and also of their physiological role. A close connexion between the 
b.p. and the fundamental functions of the plant organism — photosynthesis, respiration, 
growth — has already been demonstrated in a considerable number of papers [1-5]. 
Significant changes occurring under the influence of physical, chemical, and other 
factors arising from the outside world, are also well established [6-12]. In particular, 
it has been found that chemical compounds used in various concentrations for stimu- 
lating or depressing vital plant functions, correspondingly increase or diminish their 
electric polarity [13-15]. Stimulating doses of these preparations further the transport 
of substances to the tissues or organs treated [16-22], but depressing doses, on the 
contrary, interfere with their entry and transport [15-23]. The similarity of changes 
in plant electric polarity and in the transport of substances occurring under the 
influence of chemical compounds leads to the assumption that the b.p. (more accurately, 
the differences in the bio-electric potentials, p.d), play a certain part in the entry and 
transfer of substances in plants. This idea of connecting p.d. with the entry and 
transport of substances has already been expressed in the literature [24-26]. 

Attempts have been made to reveal this relationship experimentally [27-29]. Data 
gained in this direction are, however, not numerous and, in addition, the experiments 
were carried out with a limited number of objects. 

Plant cuttings, which show marked physiological changes caused by tissue regener- 
ation during the process of callus and root formation, serve as an interesting object 
for study of the part played by the p.d. in the transport of substances in plants. 

In this present paper an outline will be given of the results of investigations in 
connexion with the measurement of p.d. and of oxidation—-reduction potentials (Eh), 
together with the transfer of substances in bean cuttings treated with stimulating doses 
of heteroauxin (indole acetic acid — IAA) at various stages of callus and root formation. 

It appears to us that study of the effect of growth stimulators on the b.p. and on 
other biophysical indices has a double purpose. Firstly, it helps to explain the nature 
of the electric potentials and their role in the life of plants; and secondly, it serves 
to broaden our conception of the mode of action of growth stimulators on plants. 


* Biofizika 4: No. 6, 677-687, 1959. 
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METHODS 


The p.d. of bean cuttings was measured with the aid of a valve electrometer con- 
structed according to Barth’s bridge circuit [30, 31]. This circuit was built with an 
electrometer tetrode 1E1P with a grid current of 7x 10~!4 A. A high input resistance 
(2:2 108 Q) obviated the occurrence of errors connected with the considerable 
resistance of a tissue fragment placed between the electrodes. When fed by a current 
from alkaline accumulators, the drift of the electrometer, after warming for 2 hr, did 
not exceed 0-5 mV/hr. A mirror-galvanometer (GZP-47) served as recording device 
with a sensitivity of 18-5 mm/uA (one scale division of the galvanometer equalled 1 mV). 

Non-polarized silver chloride electrodes (Ag/AgCl) [15] were used. Contacts 
of electrodes with plant tissues was made by camel-hair brushes soaked in electrolyte 
(0-1 N solution of KCl). Plants, electrodes, and apparatus were carefully protected 
from influence of external electric and electro-magnetic fields. The Eh value of plant 
tissues was determined by the electrometric method in a nitrogen atmosphere [32]. 
Transfer of substances was studied with the aid of '4C and 32P. 


RESULTS 


Shoots of 10 day old beans of the local varieties “Shchedraia” and “Borskaia” 
were used in the investigations. Cultivation of the plants, treatment of the cuttings 
with heteroauxin solution, and their subsequent root-taking were carried out according 
to Turetskaia’s method [33]. The cuttings were immersed in the heteroauxin solution 
(75 mg/l) and kept for 2-5 hr. This process ensured, more or less, the local origin of 
the roots formed — a matter of importance for the measurement of p.d. values. 

All experiments which involved root-taking of cuttings demonstrated that the 
given doses of heteroauxin exerted a stimulating effect on the cuttings, manifested 
in stronger root formation (with an average of 8-10 roots per plant in the control) 
group and 35-40 roots in the plants treated). 

The total electric polarity of each cutting was measured in the first stage of our 
investigations. One electrode was applied to the stems close to the apical sprout and 
the other to the lower part of the stem, about 0-5 cm from the base. In each set of 
experiments, not less than twenty plants were used. 

Measurement of the p.d. in cuttings during the process of root-taking revealed 
substantial changes in the electric characteristics of the plant tissues, both in the control 
group and in the group treated with IAA. Table 1 demonstrates that apices of stems 
in fresh cuttings carried a positive electric charge, and that the p.d. value in both species 
varied within the range 10-40 mV. The majority of cuttings gave a p.d. value of 
10-20 mV. Reduction in p.d. values and change of polarity took place in cuttings 
during the process of callus formation. The majority of cuttings showed a negative 
electric charge at the apex of the stem during the stage of maximum callus formation. 
In different plants, p.d. values varied within the range +20 mV to —30 mV with most 
of the values in the range 0-20 mV. Plants treated with IAA showed a somewhat 
higher percentage of cuttings with electro-negative polarity in comparison with the 
controls. 
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With the appearance of roots the number of cuttings with electropositive charge 
increased and 18 days after the beginning of root-taking, p.d. values ranged from 
—10 mV to +30 mV: the majority of “Shchedraia” variety had p.d. values from 0 
to +20 mV and those of “Borskaia” variety had values from 0 to +10 mV. The 
percentage of cuttings with electro-positive polarity was smaller in plants treated 
with IAA than in the control group. 


It was of interest to elucidate which processes are responsible for changes in the 
value and sign of the electric polarity of cuttings during callus and root formation. 
It was feasible to assume that these phenomena are connected with changes in either 
the apex or the base potentials of the cuttings. The latter appeared to us more likely. 


Fic. 1. Scheme of application of electrodes. Explanation in text. 


Indeed, when a positive potential originates at the base of a cutting, in the zone of 
intensive processes of callus and root formation, changes in electric polarity are possible 
in cases of predominance of base over apex potential. Such an assumption required 
experimental confirmation. For this reason, in the second stage of the investigations, 
in addition to the determination of the p.d. between the apex and base of the cutting 
(p.d. A), we took measurements of the p.d. between the apex and the middle part 
(p.d. B) and between the base and the middle part (p.d. C). We selected the middle 
section of the stem as the conventional indifferent point. Fig. 1 shows sites of application 
of electrodes used in measuring p.d. values of bean cuttings. 

Characteristic changes in all three p.d. values measured are shown in Fig. 2, in 
which average values are plotted. Curves 1 and 2 demonstrate that in cuttings of both 
varieties (“Shchedraia” and “Borskaia”) p.d. B retained a positive value, but as soon 
as roots appeared a certain reduction in the p.d. values was observed. The course 
of curves 3 and 4, representing p.d. C, fully justifies the assumption, mentioned above, 
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regarding possible origin of positive potential at the base of the cutting during callus 
formation. 

Thus, bases of fresh cuttings were characterized by an electro-negative polarity; 
the p.d. C values of the cuttings were small. During the process of callus formation 
the bases of the stems acquired electro-positive polarity; the p.d. values increased 
and reached their maximum at the height of callus development. Control plants of 
the “Shchedraia” variety showed p.d. C values of +-22-3 +-1-9 mV and plants treated 
with IAA + 33-2419 mV. Correspondingly, plants of the “Borskaia” variety gave 
values of +20-0+-2-0 mV and 29-3+-2-1 mV. 


Variety Shchedraio 


Variety Borskaia 


4 78 20min 
Treated with [AA 


Fic. 2. Character of p.d. changes in bean cuttings during the process of callus and 
root formation. Curves | and 2 —p.d. B, 3 and 4 — p.d. C, 5 and 6—p.d. A. 
Abscissa: days. 


With the appearance of roots the p.d. C values decreased in both varieties and 
reached a more or less constant value of approximately +10 mV. 

Treatment of cuttings with IAA favoured the increase of positive potentials during 
callus formation. Cuttings with maximum callus development and treated with IAA 
showed greater p.d. C values than control cuttings. Thus, specimens of the “Shchedraia” 
variety treated with IAA showed p.d. C values in the range (+-20) to (+50) mV in 
90 per cent of cuttings, while control specimens had p.d. C values in the range (+20) 
to (+40) mV in only 70 per cent of cuttings. Identical data were also obtained for 
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the “Borskaia” variety, where treated specimens showed p.d. C values of (+20) to 
(+40) mV in 78 per cent of cuttings and in only 39 per cent of control cuttings (See 
Table 2). 

Consequently, the difference in potential between apex and base of cutting (p.d. A) 
was determined by the potential of the callus tissues (curves 5 and 6, Fig. 2). More 
accurately, p.d. A was equal to the algebraic sum of apex and base potentials; i.e. 
p.d. A = p.d. B+p.d. C. 

The experimental material allows the inference that a positive electric potential 
is probably an essential condition for callus and root formation, in conformity with 
other published data [28]. It is reasonable to assume that changes of b.p. in cuttings 
are responsible for changes in metabolism and particularly in the oxidation-reduction 
reactions of the intra-cellular medium. 


Voriety Shchedraia" Variety Borskaia” 


5 6 days TTT TT 
EES Untreated —— Treated with [AA 


Fic. 3. Eh changes in bean cuttings during process of callus and root formation. | and 2 — in leaves; 
3 and 4 — in upper parts of hypocotyls; 5 and 6—in lower parts of hypocotyls; 7 and 8—in epicotyls. 


Fig. 3 gives the values of Eh in different parts of the cutting during the process 
of callus and root formation. 

The character of the curves in Fig. 3 shows that the Eh value does not alter uni- 
formly in different parts of cuttings of the two species during callus and root formation. 
Thus, an increase of Eh (indicating an increase of oxidants) took place in the leaves 
throughout the experiment, with a slightly greater increase in leaves treated with IAA 
(curves | and 2). The Eh value altered slightly in the centre of the stem (upper part 
of hypocotyl) as shown in curves 3 and 4. In the apical section (epicotyl) and par- 
ticularly in the basal part (lower part of hypocotyl) very substantial changes took place 
in oxidation-reduction potentials during the stage of maximum callus development, 
namely, a decrease of Eh in the basal part of the cutting (curves 5 and 6) and an increase 
in the apical section (curves 7 and 8) in comparison with the initial values. With the 
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appearance of roots in the cuttings, the Eh was decreased in the basal part and increased 
in the apical section, thus approaching the Eh values of fresh cuttings. Cuttings 
treated with IAA showed a decrease of Eh in the callus tissues to a much greater degree 
than did the untreated cuttings. This considerably-reduced Eh value remained even 
in cuttings supplied with roots. 


TABLE |. CHANGES IN p.d. VALUES AND IN POLARITY OF BEAN CUTTINGS DURING THE PROCESS CF CALLUS 
AND ROOT FORMATION 


Quantity of Quantity of cuttings in %, grouped according 
to p.d. values in mV 


cuttings with 


Specimens 


. iv " : | | 
positive p.d. —30| From —20|From From 0 +10'From +20|From + 30 
(%) to —20 | to —10 to 0 to +10 | to +20 | 10 +30 | to +40 


Variety “Shche- 

draia” fresh cut- 

tings 100 65 20 15 
Control cuttings 

with callus 15 am) 40 10 5 
Treated with IAA 

with callus 10 15 55 20 | 10 — — 
Control cuttings 

with roots 75 25 35 25 15 
Treated with IAA 
with roots 


Variety “Borskaia” 


fresh cuttings 100 13 34 33 20 
Control cuttings 

with callus 30 31 39 23 7 
Treated with IAA 

with callus 15 15 16 54 15 
Control cuttings 

with roots 67 33 34 9 24 


Treated with IAA 


with roots 


The Eh shift in opposite directions in apical and basal parts of cutting indicated 
polarity changes in oxidation-reduction processes during callus and root formation. 

In our present experiments we have revealed a definite similarity between changes 
in oxidation-reduction potentials and of p.d. values in cuttings as shown by their 
parallel developments with time. 

Lund first voiced the idea of relationship between bio-electric potentials and oxida- 
tion—-reduction processes. 

He established a correlation between the p.d. and the gradient of respiration pro- 
cesses, and according to his ideas, the more positive potential corresponds to the greater 
intensity of the oxidation processes. 
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From this, Lund concluded that the b.p. “appears in polar cells as the potential 
of a redox system which is kept in the state of mobile equilibrium” [34]. Further 
investigations are, however, in disagreement with this conclusion [3, 15, 35]. Dorfman, 
contrary to Lund, has demonstrated in his experiments [35] that a section of a cell 
or tissues with higher redox potential can show a negative b.p. in relation to a section 


TABLE 2. CHANGES IN p.d. C VALUES IN BEAN CUTTINGS DURING THE PROCESS OF CALLUS AND ROOT 
FORMATION 


| Quantity of cuttings in %, grouped according to p.d. C values in mV 


Specimens 


From—10 From 0 From +10 From +20 From +30 From +40 
to 0 to +10 | to +20 to +30 to +40 to +50 


Variety “Shchedraia™ 
fresh cuttings 39 33 28 
Control cuttings 
with callus 10 20 35 35 
Treated with IAA 
with callus 10 40 35 15 
Control cuttings 
with roots 25 60 15 
Treated with IAA 
with roots -- -- 15 75 10 — 


Variety “Borskaia” 

fresh cuttings 54 13 33 
Control cuttings 

with callus 6l 32 7 
Treated with IAA 

with callus 22 46 32 
Control cuttings 

with roots 35 48 17 
Treated with IAA 
with roots 


with lower redox potential. Fig. 4 illustrates the differences between Eh and the b.p. 
in the part of the stem between the callus tissue and the upper portion of the hypocotyl, 
and the results support the second hypothesis. 

Cuttings with maximum callus development show increased values both in b.p. and 
Eh potential differences, in comparison with the initial cuttings, but the signs were 
reversed, i.e. the b.p. showed positive and Eh negative changes. With root formation 
the differences in the potentials were somewhat reduced, but the directions of change 
remained as before. 

The results mentioned can be looked upon as evidence that the oxidation-reduction 
processes are the energy source of electric polarity in cells and tissues. Polarity changes 
in b.p. and Eh, established in our experiments in connexion with cuttings of plants 
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and treatment of them with stimulating doses of IAA, suggest that the same factors 
also affect the “energetic heterogeneity” of cuttings, since the b.p. and Eh undoubtedly 
reflect, to a certain degree, the energetic side of plant metabolism. 

Assuming, with other investigators, that differences of electric potential influence 
the transfer of substances in plants, a comparison of p.d. changes with alteration in 
transport of substances during callus and root formation in cuttings treated with IAA 
and in untreated specimens would be of great value. Bearing this in mind, we examined 
the redistribution of 32P and the transfer of photosynthesized '4C. 


“Shchedraia” Borskaio” 


8.p ditterence 


Difference between oxidation 
-reduction potentials 


Fic. 4. Correlation of b.p. and Eh differences between base and middle part of the stem. 1 — in fresh 
cuttings; 2 — in untreated cuttings with callus formation; 3 — in cuttings with callus treated with IAA; 
4 —- in untreated cuttings with root formation; 5 — in cuttings with roots treated with IAA. 


In experiments with phosphorus, 7 day sprouting bean cuttings were placed on 
Knop’s mixture containing 32P in the form (Naz HPO,) with activity of 0-03 uc/ml. 
The shoots were cut 3 days later, a portion of them was treated with heteroauxin and 
the cuttings were placed for root-taking. Activities in leaves, epicotyl, upper part 
of hypocotyl, lower part of hypocotyl, and in roots were determined separately at 
various stages of root formation, namely, immediately after cutting of plants, during 
the stage of maximum callus development, and subsequently when roots were firmly 
developed. Measurements were made with a type B — 2 apparatus and an MST — 
17 counter, working with a background of 18+-2 counts/min. Similar results were 
obtained in three experiments. Data of one experiment are quoted in Table 3. 

It is evident from Table 3 that 32P is accumulated in fresh cuttings mainly in the 
leaves and epicotyls, i.e. in tissues with much reduced Eh and with positive b.p. The 
content of 32P was much smaller in the hypocotyls, particularly in their basal parts, 
i.e. in the tissues with higher Eh (more oxidants) and with negative b.p. Thus, during 
the process of root formation 32P flowed from the leaves and epicotyl to the site of 
root formation, i.e. to the callus tissue with reduced Eh and positive b.p. With root 
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TABLE 3. REDISTRIBUTION OF 32P IN BEAN CUTTINGS OF THE VARIETY “BORSKAIA™. ACTIVITY IN COUNTS/MIN 
PER MG OF DRY SUBSTANCE 


Fresh With callus” With roots 


Parts of plant 


cuttings Control IAA Control IAA 


Leaves 79 +3 74+2 70+-2 69 +1 65+2 
Epicotyls | 68 4 66 +-3 52+0 54+-1 
Upper part of | 
hypocotyls 40+1 4240 50+2 | 41+1 464-0 
Lower part of | 
hypocotyls 25+0 4442 59+1 | 38+0 | 45+1 
Roots | 4341 | 5242 


formation, 52P is transferred to the roots. The somewhat increased 32P activity in 
callus tissues and in the roots of cuttings treated with IAA was characteristic. 


The transfer of '4C acquired by the plants during the process of photosynthesis 
in a '4CQ, atmosphere, was studied according to the following scheme: 


cuttings with cuttings 
maximum callus with roots 
development 


fresh cuttings 


photosynthesis 2 hr 


fixation following synthesis 


in 15 min in 12 hr in 24 hr 


Simultaneous photosynthesis of cuttings of both specimens proceeded in a closed 
glass chamber, containing 1° CO, with an activity of 20 uc/l. Following synthesis, 
the cuttings were fixed and the '4C activity was determined differentially, similarly 
to the measurements of 32P in the previous experiment. Similar results were obtained 
in four experiments. 

In the analysis of the data, use was made of the specific '4C activity in the experi- 
mental material (data of one experiment are quoted in Table 4) together with the ratio 
epicoty 
of 14C activities, mage — (the latter refers to material fixed 12 hr 

lower portion of hypocotyl 
after photosynthesis. Thus, if in fresh cuttings the highest !4C activity was observed 
in morphologically upper stem parts, and if the ratio of 14C activities, 
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epicotyl 
lower part of hypocotyl’ 
treated with IAA) significantly greater movement of !4C had taken place in the lower 
epicotyl 
lower part of hypocotyl ° 


was very great, (e.g. 6-4 in the control and 5-3 in cuttings 


part of cutting with callus formation. The ratio of !4C activities, 


Fic. 5. '4C distribution in bean cuttings of the variety “Borskaia” with callus 24 hr after termination 
of photosynthesis in a '*CO2 atmosphere. Left — auto-radiograph of cutting treated with IAA. 
Right — auto-radiograph of control. 


mentioned above, was reduced to 3-3 in the control and to 0-9 in cuttings treated with 
IAA. Examination of auto-radiographs of bean cuttings (Fig. 5) reveals that photo- 
synthesized 14C was distributed unequally in the lower part of hypocotyl and was 
concentrated in foci of root formations, more numerous in cuttings treated with IAA. 
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Transfer of !4C in cuttings with roots is probably identical to !4C transfer in 
cuttings without roots; i.e. !4C is distributed to the poles which accumulate mainly 
in the apex and in the roots. Such distribution of substances accords with published 
data [36]. The !4C activity in leaves was reduced throughout the whole experiment, 
obviously due to flow of substances and to respiratory processes. Transfer of !4C 
to the basal tissues of the cuttings was stimulated by treatment with IAA, and !4C 
accumulated 1-6-2-4 times more in the callus tissue than in the control. Cuttings with 
roots treated with IAA showed increased accumulation of !14C both in the roots and 
apices of the stems and intensification of flow of substances from the leaves in all cases. 


In conclusion, we point out that the phenomenon of intensified transport of !4C 
from the leaves towards the roots, accumulating in places in cuttings with maximum 
callus development, is of great interest to us when we recollect that at this stage an 
alteration in direction of electric p.d. and Eh differences in cuttings takes place, i.e. 
a change in the direction of the energy gradient which is essential for the work connected 
with transfer of substances. Thus, intensified transfer of substances in cuttings treated 
with IAA corresponds to great changes in the indices mentioned above. 


A closer relationship between the p.d. and Eh differences and transfer of substances 
will appear from the data obtained in our subsequent work. 


TABLE 4. TRANSFER OF PHOTOSYNTHESIZED !4C IN BEAN CUTTINGS OF THE VARIETY “BORSKAIA™. ACTIVITY 
IN COUNTS/MIN PER MG OF DRY MATERIAL 


Time after photosynthesis _ 


Part of plant State 15 min 12 hr 24 hr 
Control IAA Control IAA Control IAA 

Leaves \Fresh cuttings) 2662 +8 | 2690 | 1325+-17 | 1287 909412) 82347 
Epicotyls 869 918+8 980 9114-7 825-18 884 411 
Upper parts of 

hypocotyls 17547 18944 | 45449 51245 41244 38643 
Lower parts of 

hypocotyls 7+0 | 8+1 153+8 172+7 12447 119-43 
Leaves With maxi- 2486-415 | 2517+4-11 | 1146413 1293-416 7345 | 87448 
Epicotyls ‘mum callus 1147414] 1304-10 1468421 | 1011414 1530412 1449411 
Upper parts of ‘development | 

hypocotyls | 736+6 | 96744 98847 94149  808+47 
Lower parts of | 

hypocotyls 150-4 230+3 434+8 | 1045-18 | 548+11; 972412 
Leaves With roots 2662 +27 | 2410+18 | 1780415 | 1716415  1375+21 1242+12 
Epicotyls 6414-9 | 653+11 | 1256414} 1293+10 | 1521-412 | 1618+20 
Upper parts of 

hypocotyls 10143) 9642 | 644414 24447 41349 
Lower parts of | 

hypocotyls 8+1 1640 , 12247 | 18049 148+4 210+3 


841 | 


H 


474411, 83147 | 50744 | 982+10 


Roots 
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SUMMARY 

(1) During callus and root formation, the physico-chemical properties of the 
metabolism were considerably changed in bean cuttings. (a) Bioelectric potentials, 
registered during callus formation, reached maximum when the roots began to appear, 
and changed the cuttings’ electric polarity. The positive polarity of fresh cuttings 
was changed into a negative one when the callus was well developed and became positive 
again as soon as the roots appeared; (b) we have observed a polar alteration of Eh 
which decreased (indicating increased reduction) in the callus tissues and increased 
(indicating increased oxidation) in the epicotyl; as soon as the roots appeared the Eh 
alterations occurred in the opposite direction. 

(2) A definite relationship was demonstrated between the bioelectric potentials 
and oxidation-reduction processes; the latter are the energetic source of the electric 
polarity in cells and tissues. 

(3) Experiments with 32P and !4C revealed that considerable alteration of substance 
transfer took place during callus and root formation: from the leaves, flow of nutrients 
was more intensive to the base of the cuttings, with a well developed callus compared 
with the flow in the fresh cuttings; whereas transfer of substances was mainly to the 
stem apex in the cuttings with roots. 


(4) It is suggested that a more intense transfer of substances towards the callus 
tissues was to the influence of root-building processes on the direction change of the 
energetic gradient in the cuttings, revealed in the p.d. and Eh alterations described 


above. 

(5) A stimulating dose of heteroauxin (IAA) increased the positive bioelectric 
potential of callus formation and reduced the Eh in callus tissues; it enhanced the 
energetic gradient of the cuttings, favouring an intensified transport of substances 
to the base of the latter and providing, thus, for a more powerful development of the 


roots. 


Translated by M.J. Korp 
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ANALYSIS OF THE DISTRIBUTION OF POTENTIALS 
AND CURRENTS WITHIN RETINA ON LIGHT 
STIMULATION —! 


ACTIVITY OF THE BIPOLARS OF TWO TYPES* 


A. L. Byzov 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 
(Received 14 April 1959) 


THE aim of most electrophysiological investigations of the retina with microelectrode, 
particularly numerous in recent years [1-7], is to single out those structures, the activity 
of which is reflected in the electroretinogram. This overall task may be divided into 
two stages, the first of which is aimed at disclosing the layers in which the particular 
components of the e.r.g. are formed, for which purpose the microelectrode is inserted 
into the retina at different depths and the distribution of potentials observed directly 
on light stimulation. The second stage consists in relating these components to the 
activity of definite retinal structures. It is assumed that the production of a potential 
difference in a given layer is an indication of the activity of the cells in that layer. 
There are grounds for such an interpretation but it would be completely acceptable, 
however, only if the resistance of the extracellular medium over the whole thickness 
of the retina were more or less uniform. The potential difference in the given layer 
arises as a result of the passage of an extracellular current. It is obvious that the drop 
in voltage in the given layer depends not solely on the strength of the current, but 
also on the resistance encountered. The resistance of the various layers of the retina, 
as recent investigations have shown [8, 9], may vary a great deal. 

Therefore, the differences in potential recorded in the experiments do not, as such, 
indicate the distribution of currents within the retina. Yet, only a knowledge of these 
latter would allow inferences to be drawn about the structures which are the source 
of the current; on which basis the activity of the elements of the various layers could 
be estimated. 

The design of the experiments will be clear from these remarks. In addition to 
the usual recording of the e.r.g. in the various layers of the retina (by microelectrodes 
inserted at different depths) it is necessary to measure the radial resistance of each 
layer. This is easily done by means of the Brindley technique [8] which we have already 
employed in earlier work [9, 7]. It is then not difficult to calculate the strength of current 
in each layer from Ohm’s law and thereby determine the areas in which the current 
leaves and enters the cells. 


* Biofizika 4: No. 6, 689-701, 1959. 
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In one of our previous papers [7], it was shown that the site of origin of the e.r.g. 
depends essentially on the state of the specimen. If a specimen of frog’s eye ,kept 
for a long time in the dark is employed, then quantitatively the greater part of the e.r.g. 
arises in the “nerve” layers of the retina — chiefly in the bipolar layer. However, 
during the course of the experiment (40-60 min after preparation) the site of origin 
of the e.r.g. shifts to the external limiting membrane (e.l.m.). It has been found that 
this shift is connected with movement of the rod nuclei through the e.l.m. from the 
inner side outwards. In conclusion, a hypothetical scheme of the distribution of 
currents has been put forward to explain the connexion between the shift in the e.r.g. 
and the movement of the rod nuclei through the e.l.m. According to this scheme, 
the main source of the current producing the e.r.g. is in the bipolars. As will be clear 
from what follows, the results of the present work largely confirmed this scheme but 
introduced certain fundamental corrections and additions. 


METHODS 


The experiments were carried out on the frog Rana ridibunda by essentially the 
same technique as that employed in the previous work [7]. A 1-1-5 u liquid microelectro- 
de was inserted into the retina through the vitreous humour and at different depths 
the potential oscillations between the microelectrode and the electrode placed on the 
sclera (first lead) were recorded. A second lead (between the microelectrode and 
vitreous humour) usually served as control. In order to determine the potential dif- 
ference in each layer individually, double microelectrodes were used in certain cases 
with a pre-determined distance (vertical) between their tips [7]. However, in practice 
it is far easier to do this by means of a single microelectrode by geometric subtraction 
of the curve obtained for a greater depth of insertion from that recorded at a lesser 
depth. The results obtained by both methods coincided in all cases. The resistance 
of each layer was measured by a technique similar to that used by Brindley [8, 9]. 
Square pulses were passed through the retina in a radial direction and the voltage drop 
in the different layers recorded with the use of microelectrodes. The difference in 
the height of the pulse recorded from two depths of insertion gave the value of the 
voltage drop in the layer between the two positions of the microelectrode. As the 
strength of current in the circuit is known, it is easy to calculate the resistance of each 
layer from Ohm’s law. A recording of the pulse in the second lead was always made 
for greater accuracy of measurements. 

After obtaining the values for the potential difference in each layer for all the phases 
of the e.r.g., and knowing the resistance of these layers, one can then calculate the 
distribution of the radial extracellular currents within the retina*. And this, in turn, 
enables one to determine the approximate levels at which the current passes out of 
and into the cells (see Fig. 2 below). 


* This calculation is based on the assumption that the total resistance of the layer is in the main 
determined by the extracellular medium, an assumption which is justified if we consider that the length 
of the retinal cells is short and the resistance of the cell membrane many times greater than that of 
the extracellular medium. 
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It should be noted that the measurements of the resistance of the layers by this 
method presupposes more or less uniform distribution of the resistance of the retinal 
layers in the horizontal plane. The histological data on the structure of the retina 
justify such a supposition. This is also supported by the reproducibility (within certain 
limits) of the values obtained by repeated insertion of the microelectrode into adjacent 
parts of the retina. It should be borne in mind, however, that the figures obtained 
from the measurements and calculations are only approximate and not always suitable 
for quantitative interpretations. 

The entire recording apparatus and also the optical system for illumination of 
the eye have been described earlier [10, 9, 7]. The diameter of the light spot on the 
retina was about 4 mm. In all experiments a d.c. amplifier was used. 

The isolated eye was prepared from a frog kept for a long time in the dark before 
the experiment. In these conditions, as pointed out above, the e.r.g. arises chiefly 
in the “nerve” layers and the rod nuclei are located on the inner side of the e.l.m. 
Since the duration of the experiment was 30-40 min, a partial shift of the e.r.g. to 
the e.l.m. was possible within this time. In order to avoid this we performed the experi- 
ments on the preparation cooled to 10 C. In these conditions the picture of the distri- 
bution of potentials remained practically constant for 1-2 hr. 

To maintain constant conditions, the preparation throughout the entire experiment 
(except for the 40 sec intervals before recording) was stimulated with rhythmical flashes 
of light (frequency 0-5 c/s, intensity ~ 500 Ix on the retina). Each photograph was 
preceded by a 40 sec period of darkness (when the recording was to be of the “on” 
effect) or light (when the recording was to be of the “off” effect). In all the recordings 
the upward deflexion of the beam corresponds to the positivity of the upper electrode 
and, consequently, we shall term the upward oscillations positive, the downward 
oscillations negative. 

About 30 experiments were performed on 21 preparations. 


RESULTS 

Fig. | gives the results of one experiment. In the left half the curves recorded at 
the different depths (numbers on the left) of insertion of the microelectrode are repro- 
duced. The group of curves A shows the “on”, and B the “off” response to light; the 
curves C are the response to switching of light off followed within | sec by switching 
of it on. The main variations in the curves, as the figure shows, occurred in three 
steps: from 100 to 110 uw, from 140 to 185 u and from 185 to 225 u, i.e. to passage 
through the e.l.m. In relation to the first step it may be said that usually the changes 
occurred abruptly, as if the microelectrode passed through a narrow (5-10 w) layer. 
At depths between 140 and 185 u the changes were more gradual; deeper than 185 u 
and to the e.|.m. itself (to a depth of 215-220 u) the curves were in the main unchanged 
(the figure does not show the curves at a depth of 215 u) which for B and C differed 
from those at 185 4 only in a slightly greater negative deflexion. Therefore, it may 
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be considered that the oscillation recorded at a depth of 185 u arises almost entirely 
at the e.l.m.*. 

The curves given in the right half of Fig. 1 were obtained by subtracting geometrically 
the oscillations recorded at a greater from those at a lesser depth (A;, B; and C; 
respectively for A, B and C), i.e. the curves characterizing the potential difference 
for each individual layer. A comparison of the curves for the different layers shows 
that there was great variation in the form of the potential oscillations. In the layer 
between 100-110 u a slowly-developing and prolonged oscillation was produced both 
for the “on” (A,) and “off” (B,) responses. Switch on following switch off of light 
only slightly increased the height of the deflexion (cf. B; and C;). The oscillations 
developing within the 140-185 u layer were of a quite different character. The “off” 
response here was a large but comparatively brief positive deflexion (B,) and the “on” 
response, conversely, was recorded as a negative deflexion (wave a of the e.r.g.) which 
was appreciably ahead, in time, of the positive wave for the 100-110 u (A;) layer. 
With switch on of light immediately after switch off, the positive oscillation in the 
140-185 u layer was “cut out” by the negative deflexion (C}), i.e. by the a wave. 

The oscillations arising at the e.l.m. in all three cases (A;, B,; and C;) were negative 
and their general outline resembled the mirror image of the potentials formed in the 
inner layers of the retina. The negative oscillation was usually preceded by a short- 
lived positive one. 

The results of the calculations of the strength of the current in the different retinal 
layers at different times are given in Fig. 2. The parts A, B and C correspond to the 
curves A(A,), B(B,) and C(C;) given in Fig. 1. The depth of insertion is depicted 
vertically (numerals on the left). Columns 1, 2, 3 and 4 refer to the corresponding 
moments of time given below the curves in Fig. 1. As has been previously stated, 
the calculation of the current at each moment of time .was based on the value of the 
drop in voltage in each layer (height of oscillations A,, B, and C;) and the values of 
the radial resistances of these layers (the numbers in column R in left part of figure). 
The numbered vertical arrows denote the direction and strength of current (in wA) 
in the extracellular medium. On the basis of these data the levels at which the current 
passes from and into the cells (horizontal arrows) were determined. Thus, if in Fig. 2 (B) 
at moment | a current was flowing in the 100-110 uw layer equal to 9 uA, and in the 
neighbouring deeper-lying layer 110-140 uw) the current was in the same direction 
but equal at most to 1:5 wA, then we could denote the outflow of current from the 
cells (shaded columns) by an arrow located above the 100 u level and the inflow of the 
main part of the current (9-0—1-5 = 7-5 uA) by an arrow in the reverse direction located 
immediately below the 110 uw level. For ease of inspection the thickness of each arrow 
in the figure is proportional to the strength of current. 


The accuracy of the values calculated for the strength of current varied from layer 
to layer. The smaller the resistance of the layer, the greater the possible error (for 


* Similar changes in the potential oscillations on lowering the microelectrode into the retina have 
been described by us previously for other experiments (see Fig. 2 of the preceding paper [7]). 
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Fic. 1. Distribution of potentials within the retina on light stimulation. 
Left half: oscillograms recorded at various depths of insertion of microelectrode. (First lead: between 
microelectrode and sclera.) A, “on” response; B, “off” response; C, response to switch off followed 
by switch on. Numbers on left: depth of insertion of microelectrode in microns. M, level at which 
microelectrode passed through external limiting membrane (e.1.m.). 
Right half: geometric differences between curves of adjacent depths showing the potential oscillations 
in each separate layer (0-100 u, 100-110 u etc). Curves A;, B; and C; correspond to the oscillograms 
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the same accuracy of measurement of the height of oscillations). Therefore, for the 
100-110 w (32 Q) and the 140-185 uw (68 Q) layers the error was scarcely ever more 
than 15-30 per cent, whereas for the e.l.m. (M in Fig. 2) with a resistance of 480 Q 
it was considerably less. On the other hand, for the 110-140 wu layer, the resistance 
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Fic. 2. Diagram illustrating distribution of currents in the retina at different moments of time. 
A, B and C correspond to curves A (A), B (B;) and C (C;) in Fig. 1. Figures on left give depth of 
insertion of the microelectrode in microns. Columns 1, 2, 3 and 4 correspond to the moments of time 
denoted under the curves in Fig. 1. The vertical arrows with numerals indicate direction and strength 
of current (in uA) in extracellular medium; horizontal arrows indicate levels at which the current 
passes from and into cells. The thickness of the arrows is proportional to the current. Column R gives 
the radial resistance of the layers in ohms. On the left the scheme of arrangement of retinal layers based 
on measurement of the histological section of the preparation is depicted. In the scheme: a, layers of 
nerve fibres; b, layer of ganglion cells; c, inner synaptic layer; d, inner nuclear layer; e, outer synaptic 
layer; f, outer nuclear layer; M, external limiting membrane; g, layer of outer and inner receptors. 
Further explanations in text. 


of which was about 8 2 the error may have doubled. Accordingly, it was not always 
possible to depict graphically the thickness and location of the horizontal arrows 
denoting the outflow and inflow of current in the cells. This is true, for example, of 


A, B and C. In this and all subsequent figures, the moment of switch-on of light is indicated by an 

arrow pointing upwards under the curves (and also by the upward peak on the oscillograms) and 

moment of switch off by an arrow pointing downward (and by a corresponding downward trough 

on the oscillograms). The figures under the curves are the moments at which calculations of current 

were made (see Fig. 2). In this and all other figures the upward deflexion indicates positivity of the 
upper electrode (the one near the vitreous humour). 
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all the upper arrows since the resistance of the 0-100 uw layer was very small (< 5 Q) 
and the distribution of extracellular current was therefore unknown. Nevertheless 
the arrows are placed at definite levels on the basis of other similar experiments in 
which the resistance of the upper retinal layers could be measured. Finally, it should 
also be borne in mind that the levels of the inflow and outflow of current denoted 
in the figure may in reality extend over more or less wide zones. 

The extreme left column gives the approximate locations of the layers of the retina 
in the preparation. The thickness of the layers was measured in histological sections 
through approximately the same part as that into which the microelectrode was intro- 
duced. A correction was then made for the contraction of the specimen during fixing 
and for the displacement of tissue by the microelectrode. Introduction of the correction 
was made easier by means of two pointers in the experiment: the reading corresponding 
to the contact of the microelectrode with the surface of the retina and depth at which 
it passed through the e.l.m. [8, 9]. A comparison of the difference between these two 
readings with the distance to the e.l.m. in the histological preparation facilitated cal- 
culation of the corresponding thickness of the individual layers, which will be somewhat 
raised, however, as compared with the true thickness, although the relative thicknesses 
of the layers will apparently be maintained. 

The following basic conclusions may be drawn from the graph of distribution 
of currents: 

(1) The source of current detected in the layer at 100-110 u was apparently in 
the cells of the inner (or higher, in Fig. 2) zone of the inner nuclear layer. The site 
of outflow of current from the cells is located in the inner synaptic layer (in the zone 
adjoining the nuclear layer) and the site of inflow of the greater part of the current 
at the level of the nuclei of these cells. Both at switch on and switch off of the light 
the strength of this current showed an initial rise which fell slowly. Switch on of the light 
followed by switch off increased only slightly the strength of the current. If it is accepted 
that the source of this current is in the bipolars of the inner zone of the inner nuclear 
layer*, then the picture must correspond to the prolonged depolarization of the mem- 
brane of the cell bodies and outer processes (towards the receptors) of these bipolars. 
A more detailed treatment of this problem will be given later in the discussion section. 

(2) The site of outflow of current from the cells recorded at a depth of 140-185 pu 
corresponded approximately to the middle of the inner nuclear layer and the site of 
inflow to the outer synaptic layer and the layer of nuclei of the receptors. The source 
of this current must have been the bipolars, the bodies of which are located in the outer 
(lower, Fig. 2) zone of the inner nuclear layer.t If this is the case, then the appearance 


* Such an assumption, in essence, is the only possible one. There are in the layer considered, in 
addition to the bipolars, only the amacrine cells which are orientated in the horizontal plane and can 
therefore hardly be the source of radial current. Further, the response of the amacrine cells to light 
(as with the horizontal) apparently takes the form of a persistent change in the potential lasting for 
the entire period of illumination [11, 12]. 

+ The horizontal cells located at this level may be excluded for the same reasons as the experimental 
findings referred to in the previous footnote. 
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of current in response to switch off of light (Fig. 1 (B)) must result from the depolari- 
zation of the subsynaptic endings (see scheme from previous article and Fig. 5 below). 
The “off” response of these bipolars is much shorter than in the bipolars of the inner 
zone as can be readily seen in Fig. 2 (B) and also in the curves of Fig. 1 (B,). Another 
fundamental characteristic of the response of the bipolars of the outer zone is that 
switch on of light produces a sharp fall in the current or even a current of opposite 
direction (Fig. 1 (A;) and (C)), Fig. 2 (A), moment 1 and (C), moment 3). In line with 
the scheme adopted, this signifies hyperpolarization of the membrane of the subsynaptic 
endings and consequently inhibition of the bipolars of this type. In this connexion 
it may be recalled that the a wave of the e.r.g. which is the result of this current, is, 
as is well known, associated with inhibition of pulses in the optic nerve [13, 14]. 

(3) The current passing through the e.l.m. was of opposite direction to that in 
the bipolar layer and many times smaller in magnitude. Although in the latter it 
amounted to 14 uA (and even more in other experiments), the current through the 
e.l.m. was usually less than | uA. At first it was supposed that it might have had its 
source in the rods and cones [7]; however, at the present time there are grounds for 
regarding it (or at any rate the greater part of it) as the result of purely passive flow 
of currents from the bipolar layers. We shall deal with this problem in greater detail 
in our next paper [15]. 

The observations described were well outside the limits of experimental error and 
were reproducible in all the experiments. Much the same inferences could be derived 
from the curves given in the papers by Brindley (4, 5) although his experiments were 
performed in somewhat different conditions. 

Some variation was seen in the results of other experiments of this series consisting 
chiefly in a difference in the depth at which the individual components of the e.r.g. 
were recorded and a corresponding difference in the results of the measurements of 
the thickness of the layers in the histological preparations. The experiment reported 
above is fully consistent with the fact that the site of inflow of current in the inner 
zone of the bipolars and the site of outflow in the outer zone were spatially separated 
by an area in which flow of current is virtually absent (the layer at 110-140 vw). It may 
thus be safely concluded that the currents in the 100-110 uw and 140-185 yu layers had 
different sources. In most of the other experiments this conclusion was not so obvious 
since the levels at which the current entered the inner zone and left the outer zone of 
the bipolars coincided or were close together. In this case the graph of current distri- 
bution had a somewhat different appearance. At moment 1 (B and C in Fig. 2), 
corresponding to the maximum oscillations in the 140-185 u layer (B, and C; in Fig. 1), 
the inflowing and outflowing currents largely compensated each other and the impres- 
sion was gained that in the initial period of the e.r.g. we were dealing with a single com- 
mon dipole with outflow of current in the inner synaptic and inflow in the outer synaptic 
layer. A comparison of the picture at moment 1 with that at the following moments 2, 
3 and 4 and also a comparison of the form of the curves of the change in potential 
in the inner and outer zones of the nuclear layer points to the existence of two sources 
of current localized in different layers of the retina. 
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In many cases, the increase in amplitude of the rapid oscillation on lowering the 
microelectrode deeper than 140 u (Fig. 1 (B,) and (C;)) was observed almost up to the 
e.l.m. itself. Consequently, the zone of inflow of the corresponding current was not 
only in the outer synaptic layer but also in the layer of nuclei of the receptors. 

Finally, in a number of experiments for different depths of penetration of the micro- 
electrode, negative or positive spikes were superimposed on the more or less smooth 
curves and sometimes pulses were recorded extracellularly (see, for example, Fig. 1). 
The latter were found, by special analysis [16], to have their source apparently in the 
so-called Dogiel’s cells — ganglion cells shifted to the bipolar layer. In relation to 
the spikes the problem is less clear. We may presume them to be connected with the 
activity of individual small groups of cells for, as a rule, they were absent from the 
total e.r.g. (recorded between the sclera and vitreous humour) and were recorded 
irregularly and very locally, i.e. they rapidly disappeared on further lowering of the 


microelectrode. 


A 


Fic. 3. A, response of different layers of retina to flickering light. Microelectrode at depth of 110 yu. 
Upper curves, lead II (between microelectrode and vitreous humour) recording the reaction of the 
bipolars of the inner zone of the inner nuclear layer; lower curves, lead I (between microelectrode and 
sclera) recording reaction, chiefly, of the bipolars of the outer zone. Left section, “on” and “off” respon- 
ses; right section, response to flickering light (frequency ~ 3 c/s, equal durations of light and dark); 
the moment corresponding to start of flickers is not shown in the figure; B, microphotograph of 
histological section of frog retina stained by one of the silver methods (method of total impregnation 
after Bil’shovskii): a, inner synaptic layer; b; and 52, the two zones of inner nuclear layer; c, outer 
synaptic layer; d, outer nuclear layer (nuclei of receptors). 


* A similar conclusion on the response of the different layers of the frog retina to flickering light 
may be inferred on the basis of the recent work of Muller-Limroth [17]. 
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The natural consequence of the phenomena described must be that the different 
layers of the retina respond differently to flickering light. In fact, the oscillations of 
the inner bipolar zone are slow and prolonged and switch on of light produces no 
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Fic. 4. “Shift” of e.r.g. from “nerve” layers of the retina to the external limiting membrane (e.1.m.). 

A, total e.r.g. recorded between vitreous humour and sclera: 1, at start of experiment, 2, at end of 

experiment; B, microelectrode at depth of 200 u (close to inner surface of e.l.m.). Left half, lead I 

(potential difference at e.1.m.); right half, lead II (potential difference in nerve layers of retina). Figures 

on left, time from start of experiment during which the ice surrounding chamber melted and preparation 
was gradually heated to 18-20°. 


deflexions of opposite sign. Therefore, the oscillations in response to the individual 
flashes of flickering light should merge without producing rhythmical waves. On 
the other hand, the oscillations of the outer zone of the bipolars are much shorter 
and develop more rapidly and each successive switch on of light inhibits the response 
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to the preceding switch off (wave a of the e.r.g.). Fig. 3 (A) shows that this difference 
in the response of the various layers of the retina to flickering light does, in fact occur*. 

Thus, the electrophysiological data indicate the existence of bipolars of two types 
with quite different responses to light stimulation. We shall now see if the histological 
observations confirm this conclusion. 

It is known that in primates the different types of bipolars are regularly arranged 
in different zones of the inner nuclear layer [18]. In the retina of many birds the inner 
nuclear layer is divided into two distinct zones, between which are located the nuclei 
of the Muller cells [19]. Two separate layers of bipolars are well visible in the retina 
of certain fresh-water turtles (unpublished observations of I.A. Utina). In the frog 
no distinct morphological separation of the inner nuclear layer into two zones has 
ever been observed; however, it has been possible in certain cases to detect a perceptible 
difference between the uptake of stain by the bipolars of the inner and outer zones. 
Fig. 3 (B) reproduces a microphotograph of a frog retina preparation stained by a 
silver technique*. It is clear that the inner nuclear layer is divided into two zones, 
one with weakly stained and the other strongly stained nuclei. 

If the ice surrounding the chamber containing the preparation was allowed to 
melt or was replaced by water at 18-20°C, then the site of origin of the e.r.g. gradually 
shifted to the external limiting membrane [7]. What changes were observed in the 
distribution of currents in the retina in this process? 

In a previous paper [7] it was shown that the potential oscillations arising in the 
bipolar layer were strongly decreased during this process and the potential difference 
at the e.l.m. changed its sign. Fig. 4 illustrates this shift in the e.r.g. Curves A, 1 and 
2 are the total e.r.g. b tween the vitreous humour and sclera recorded at the start 
and end of the experiment. There is no great difference between them. For curves B 
the microelectrode was lowered into the retina in such a way that throughout the experi- 
ment its tip was close to the inner surface of the e.l.m. Lead I (between the micro- 
electrode and sclera) in the left half of the figure records the potential oscillations at 
the e.l.m. and lead II (between microelectrode and vitreous humour), in the right half, 
those of the “nerve” layers. These latter, as has been shown above, are made up of 
two components: the slow one not inhibited and the rapid one inhibited by light (wave a). 
From the figure it is clear that with passage of time (indicated on the left) both com- 
ponents decreased, the rapid one in particular (see also Fig. 3 in previous article [7]). 
Since the resistance of the various retinal layers changed comparatively little during 
the experiment, this signifies a considerable reduction in the strength of the current 
in the two types of bipolars and, in particular, in the bipolars of the outer zone, i.e. a 
decrease in their activity. 

The potential oscillations arising at the e.l.m. (lead I in Fig. 4 (B)) will be discussed 
below. 


* Prepared by a colleague in our laboratory, I. A. Utina, long before the experiments described 


in the present paper. 
t It was somewhat reduced (by 20-40 per cent) which corresponds roughly to the decrease in the 
resistance of Ringer solution on heating from 10 to 20°C. 
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DISCUSSION 

The material presented above shows that the e.r.g. in the frog is the sum of three 
main components arising in the various layers of the retina: the first two are formed 
in the “nerve” layers and the third at the e.l.m. Fig. 5 (A) brings together these results 
in a somewhat diagrammatic form. Unlike a number of previous e.r.g. “component 
analyses” [14, 20] which are variants of the interpretation of particular experimental 
findings, the resolution of the e.r.g. into its components in the present work is in 
essence a direct conclusion from the experimental work. The measurement of resistance 
in the different layers of the retina allows of certain conclusions concerning the sources 


Fic. 5. A, resolution of frog e.r.g. into three basic components formed at different layers of retina. 
Left, “on” response; right, “off” response; “on” response given by dotted line superimposed on curves 
(dotted arrow) following the “off” response, I, oscillation recorded near inner zone of inner nuclear 
layer (100-110 u in Fig. 1, reaction of bipolars b; in Fig. 3 (B)); II, oscillation in outer zone of inner 
nuclear layer and outer synaptic layer (140-185 wu in Fig. 1, reaction of bipolars b2 in Fig. 3 (B)); III, 
potential oscillation at external limiting membrane (e.1.m.). Lowest curves, total e.r.g. recorded between 
sclera and vitreous humour. B, scheme of distribution of currents in the bipolars of two types: 5, 
bipolars of inner zone; b2 bipolars of outer zone of inner nuclear layer. Shaded parts, region of depola- 
rization of cell membrane of bipolars. Thickness of arrows approximately proportional to current. 


of the currents producing these oscillations and consequently the structures, the 
activity of which is reflected in these oscillations. At the present time one can postulate 
two main sources of current: the two types of bipolars which respond differently to 
light stimulation. The first component of the e.r.g. recorded at a depth of about 100 u 
reflects the activity of the bipolars of the inner zone of the inner nuclear layer. The 
second component formed in the deeper layers is connected with the activity of the 
bipolars of the outer zone of the inner nuclear layer. The origin of the third component 
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arising at the external limiting membrane is more complicated and we shall make 
a special study of it in our next paper. At present we can indicate only that a fun- 
damental role is played here by the purely passive flow of currents from the bipolar 
layer. In addition, after movement of the rod nuclei to the outer side of the e.1.m., 
that part of the current which enters the rods at the level of their nuclei, starts to pass 
through it counter to the “flow” of current [7]. Both these currents are small as 
compared with those flowing in the “nerve” layers but, over the high resistance of the 
e.l.m., a considerable drop in voltage may be produced. Finally, current generated 
by the receptors may also pass through the e.|l.m. 

In conclusion, we should like to deal with the modifications which need to be 
introduced on the basis of the new experimental findings into the scheme of the distri- 
bution of currents in the retinal cells proposed in our previous paper. They are in 
the main covered by two points. Firstly, the scheme must reflect the presence of two 
types of bipolars and, secondly, it should agree with the observation that the current 
from the bipolars of the inner zone enters the cells in the main at the level of their 
nuclei and not the synaptic endings. 

Fig. 5 (B) gives the modified scheme corresponding only to the case in which the 
rod nuclei are located on the inner side of the e.l.m. In relation to the bipolars of the 
outer zone (bz) the scheme is merely a repetition of the previous one. The current 
of these bipolars is detectable over almost the whole thickness between their nuclei 
and the nuclei of the receptors. Consequently, it enters the cells at the level of the 
nuclei of the receptors and also the synapses (see above). Such a picture must correspond 
to depolarization only of the subsynaptic endings of the bipolars (shaded part). A dif- 
ference is seen for the bipolars of the inner zone (b,). Here the current passing out 
into the extracellular medium somewhere in the region of the inner synaptic layer 
enters the cells at the level of their nuclei. This may signify merely that the prolonged 
wave of depolarization, arising initially in the subsynaptic endings, spreads to the 
membrane of the cell body. The difference between the two types of bipolars is that 
in response to switch on of light the cells of the inner zone (6;) react by depolarization 
(as for the “off” response), whereas the cells of the outer zone (b2) respond by hyper- 
polarization as a result of which an extracellular current of opposite direction arises. 

With movement of the rod nuclei to the outer side of the e.l.m. the distribution 
of currents apparently changes as described in the diagram of the previous paper. 
The current of the bipolars entering the rods at the level of their nuclei (see, for example, 
Fig. 5 (B)) now cuts through the e.l.m. producing a drop in voltage (shift of the e.r.g. 
to the e.l.m.). It can only be supposed that the current of the bipolars of the inner 
zone (5;) enters the cells not solely at the level of their nuclei but also across the syn- 
apses and via the body of the rods. Such a picture might be observed if the decreased 
excitation of the bipolars on movement of the rod nuclei were accompanied by an 
increase in the decrement of the wave of depolarization spreading from the synaptic 
endings to the bipolar bodies. 
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SUMMARY 


(1) In the frog the e.r.g. has three main components: two are formed in the “nerve” 
layers of the retina and the third at the external limiting membrane (Fig. 5 (A)). 

(2) The source of the current producing the potential oscillations within the “nerve” 
layers is in the bipolars of two types located in the different zones of the inner nuclear 
layer. The bipolars of the inner zone respond both to switch off and switch on of 
light by prolonged excitation (apparently by depolarization spreading from the sub- 
synaptic endings to the membrane of the cell-bodies). The bipolars of the outer zone 
react to switch off of light by short-lived excitation (depolarization of the subsynaptic 
endings) inhibited by switch on of light hyperpolarization of the subsynaptic endings). 
The result of this difference is that a rhythmical reaction to flickering light with a fre- 
quency of more than 2 c/s is observed only in the bipolars of the outer zone (Fig. 3 (A)). 

(3) As the e.r.g. during the course of the experiment shifts towards the external 
limiting membrane, the response of the bipolars of both types and particularly those 
of the outer zone is considerably diminished. 

(4) A hypothetical scheme is given illustrating the distribution of potentials and 


currents in the two types of bipolars. 
The author wishes to express his gratitude to M. M. Bongard and M. S. Smirnov 


for valuable advice and criticism during the work. 


Translated by A. Crozy 
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A COLOUR VISION ANALOGUE* 


M.S. SmirRNov and M. M. BONGARD 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 
(Received 14 April 1959) 


We [1] have already shown that the question whether an animal has colour vision 
is equivalent to the question whether to its eyes radiations of any spectral composition 
are equivalent. In this way we may extend colour vision ideas to photocells also; 
we have dealt with semiconductor photocells that discriminate between colours. 
A photocell “sees” colours in that the law followed by the current transient depends 
on the wavelength of the light. We have supposed that the retina produces a signal 
indicating the colour in a like way, because the mechanisms involved are alike. 

We now deal with how to decode the colour signal given by the photocell; that is, 
we deal with the operations which have to be done on the current in order to derive 
the law it follows and thus to deduce the colour. The operations must give the right 
answers even though the incident power varies widely. This raises the question of 
the logical structure of the operations performed on the signal in the retina and in the 
brain. 

Here we deal with a device that determines the colour and brightness of the light 
falling on a photoresistor from the law followed by the photocurrent. 


THE CIRCUIT 

The detector was an FS-KI photoresistor, whose colour vision has been described 
already [1]; the current rises rapidly in response to the blue light, but slowly in response 
to green or red light. This photoresistor is a trichromat, but for simplicity our device 
has been made a dichromat, and an “on” element at that, since it responds only to 
increases in brightness. Therefore we are using only part of the information given 
by the photoresistor. 

Fig. | shows the block diagram. In the rate-of-rise detector the current passes to two 
differentiating circuits; the time-constant RC; is large relative to the time scale of the 
transients in the photoresistor, so the output from RC, will be approximately the 
photocurrent. But RC) is small, so the output here will approximate to the first deriva- 
tive of the current. The comparator compares the signals from RC; and RC>. Now 
the red light gives a slow rise, so RC gives an output small relative to the output 
from RC;; then the comparator gives out a signal that deflects the beam upwards. 
On the other hand, blue light gives a fast rise, so RC; gives an output large relative 
to that of RC;, and the comparator deflects the beam downwards. The top of the 


* Biofizika 4: No. 6, 702-707 (1959). 
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screen has a red filter, and the bottom has a blue one, so the screen glows red when 
red light is used and blue when blue light is used. (The diodes pass only positive-going 
signals, which correspond to the rise in the current). 


To beam 


Fic. 1. Block diagram of the model. 


The memory units M; and M) (stores) play an important part, because the colour 
is found by comparing the peak in a function with the peak in the derivative of that 
function, which peaks occur at different times, so stores are needed. Any other method 
would need a means of comparing the forms the curve takes at different times, i.e. 
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To brightness 
control 


Fic. 2. Theoretical circuit. The circuit parameters are denoted as in “Radio”. A is used to set the working 
point of V;, and B adjusts the parameters of the comparator; C sets the beam height, and D the 
brightness; E is an amplitude-limiting diode. 


would need a store. In this model the signal is not stored permanently, but dies away 

in time; a second change can increase the stored voltage, but cannot lessen it. 
The brightness control signal is generated by passing the current through RC; 

(whose time-constant is large) to an integrator, which delays the brightness signal 
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for about the time needed to determine the sense of the deflexion. In our oscilloscope 
(an ENO-1) the brightness cannot be controlled by a fixed voltage, so the integrator’s 
signal is fed to a modulator M, which produces a 50 c/s voltage of adjustable size; 
this signal is fed directly to the brightness control input. The complete circuit is seen 
in Fig. 2. 


PROPERTIES OF THE SYSTEM 


Fig. 3 shows records obtained with steady red and blue lights, and with chopped 
radiations. Here deflections upwards denote red, and downwards blue. We do not 


(b) 


blue red 


blue red 


red blue 
10 sec 


Fic. 3. Reactions to switching of red and blue lights. 


give records taken at other intensities, since the beam is not deflected at very low in- 
tensities, although it is seen weakly (which is equivalent to impaired colour vision 
at low intensities). Up to intensities at which the equipment is overloaded the model 
correctly recognizes any light switched on quickly for a sufficient time. The equipment 
starts to be overloaded at intensities some 15-20 times greater than those at which 
it recognizes the colour. 

It is clear that the model reacts only to changes (increases) in intensity; a fixed 
intensity after a time is no longer distinguished from darkness. There is a lag in response, 
but the lag varies from part to part; at a chopping frequency of 0-5 c/s (Fig. 3, b and c) 
the intensity can be taken down to zero almost without effect on the deflexion. In 
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all cases in Fig. 3 the transfer from dark to light is sharp; high-intensity red replacing 
low-intensity red is seen correctly, and the same is true for blue. We now turn to what 
happens when red replaces blue, or vice versa. 

If one of these lights is much brighter than other, the model sees the less bright 
as darkness, and so recognizes the brighter when it is switched on; there is also a range 
of brightness ratios for which the model recognizes the colour change correctly. One 
such case is seen in Fig. 4. The beam brightens when the red appears and when the 
blue appears; the model refuses to decide which is the brighter. This corresponds to 
the loss of distinction between brightnesses found in animals with colour vision. 


blue red blue 


Fic. 4. Effects of switching from red to blue and conversely. 


Darkness mu “510M 


Fic. 5. Sequential colour contrast in the model. 


The model also shows sequential colour contrast; any light reaching the cell after 
red light appears more blue than it would if it followed darkness; the converse is also 
true. Fig. 5 illustrates this; light of wavelength 510 my following darkness is seen as 
red (Fig. 5a)*, whereas, if it follows orange (600 my) it is seen as blue (Fig. 5b). We 
did not intend to build this feature into the model; it appeared automatically as a con- 
sequence of the principles used. A point here is that the FS-KI has this feature to 


* The boundary between red and blue lies in the 495-500 my. region. 
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a certain extent, but the model would show the effect even if the photoresistor was 
entirely free from it. 


FAULTS OF THE SYSTEM 


The model has many faults; we deal first with those that might be removed by 
minor changes alone, but we shall not consider them in detail. 

There is no adaptation mechanism (though one could readily be added), so the 
model works well only over a narrow range of intensities. The model is very slow, 
partly because the photoresistor is slow, and partly because the memory decays slowly. 

The comparator differences the signals, whereas it would be better to divide one 
by the other. The brightness control soon overloads and fails to increase the brightness 
any more. 

Now we pass to the main and fundamental fault. The model distinguishes red 
from blue by the smaller rate of rise caused by red; hence it interprets a blue light of 
slowly increasing intensity as a red light switched on quickly. This is not an accidental 
error, since the photoresistor codes the colour of the light as a time function, so any 
change in brightness with time is liable to give rise to false interpretations. The same 
effect can be reproduced in man by varying the brightness of a test field, but the effect 
is here much more difficult to produce. The question of improving the model’s discri- 
mination is at present open, though we may note a few ways which may repay study. 

Firstly, we may seek transducers that produce signals in a form less liable to misin- 
terpretation; there are substances (e.g. Cuprite crystals) whose conductivity change 
in response to red light is the opposite of that in response to blue light. Such signals 
would be much less open to misinterpretation (although they would have other dis- 
advantages). 

Secondly, we might use several coupled channels (i.e. part of the retina instead 
of a single rod). The relation between the signals from adjacent channels may be more 
stable than the signal from any channel in isolation. These methods might, of course, 
be combined. 

We wish to thank N. D. Niuberg for discussions on some topics related to this 
work. 

SUMMARY 

A circuit has been made to decode the information about the colour of the light 
falling on an FS-KI photoresistor. This system recognizes correctly red and blue 
lights over a brightness range of about 20:1 in both cases; it also shows sequential 
colour contrast. The methods used have disadvantages; the model mistakes blue 
light of slowly increasing intensity for red of rapidly increasing intensity. Ways of 


improving the system are discussed. 
Translated by J. E. S. BRADLEY 
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VISUAL SENSATIONS INDUCED BY X-IRRADIATION 
OF THE EYE WITH DOSES OF THE ORDER OF ONE 
MILLIROENTGEN * 


G. K. Gurtovol and Ye. O. BURDIANSKAIA 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow, 
and The Helmholtz State Research Institute for Diseases of the Eye, Moscow 


(Received 31 July 1958) 


THE literature on the problem of the threshold doses of ionizing radiations for the 
nervous system has been summarized in the review by Livshits [1]. In that review, 
the author suggests that the most sensitive tests are the changes in time of the blinking 
reflex and the flexor reflex of the rabbit shin (on X-irradiation with a dose of 100 and 
0-1 r respectively) and also the sensation of light in man with doses of X-radiation 
of 0-0005 r. 

The sensation of light in humans on X-irradiation of the eye is usually known as 
an X-ray phosphene and it is an interesting phenomenon in radiobiology because of 
the very small doses of X-radiation which are still able to produce it and also because 
of the possibility of carrying out investigations directly on man. Therefore, alongside 
a study of the mechanism of the phenomenon it is important to find the minimal dose 
of X-radiation which will still produce a sensation of light. It is also necessary to know 
this value in the normal functioning of the eye in order to further pathophysiological 
investigations in ophthalmology. 

There are many papers devoted to study of X-ray phosphene and quite a com- 
prehensive review of them is given by Lipetz [2]. However, the work which has been 
done on the quantitative aspects of the X-ray phosphene is still sparse. The problem 
of the threshold dose of X-radiation producing a sensation of light in man has been 
dealt with in only one paper, that by Pape and Zakovsky [3]. Some papers are devoted 
to the determination not of the threshold dose, but of the dose rate which produces 
the sensation of light with the eye kept for an arbitrary period of time in the X-ray 
beam. 

Unfortunately, in the article by Pape and Zakovsky [3], there is only a very superficial 
description of the experimental conditions and technique used to determine the 
threshold dose and it is not at all clear which part of the retina was irradiated and 
what indications given by the subject were used to decide on the threshold dose. It is, 
therefore, not possible to use the investigations in that paper [3] to decide on the 
threshold dose of radiation producing an X-ray phosphene. 


* Biofizika 4: No. 6, 708-713, 1959. 
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Moreover, on the basis of the meagre and disjointed information on technique 
given in that article, it is to be supposed that single irradiation was not used in the 
experiments but rather “volleys” of X-rays by means of a rotating sector [3, p. 68]. 
If we take into account the possibility of after-effect and summation, it will be seen 
that it is desirable to determine the threshold dose with single irradiation. Finally, 
the tests were performed only on one man. 

X-ray phosphene studies in man can be recognized as perfectly safe since with 
each act of irradiation of the eye a dose of the order of 0-01-0-001 r is applied locally 
to the eye. It is sufficient by our method of determining the threshold dose to employ 
10-15 acts of irradiation in one experiment. Not more than 0-05 r at most is delivered 
in the series and this total dose applies only to the region of the eye. The permitted 
tolerance dose for whole body irradiation of humans is 0-05 r daily or 0-3 r weekly. 
Further, in X-ray diagnosis of the eye, doses of the order of 1-10 r are widely used 
in the region of the head without any pathological sequelae. Finally, in the treatment 
of certain diseases of the eye which do not respond to X-ray therapy, doses of the order 
of hundreds of roentgens are used in local irradiations of the region of the eye. 

Taking all this into account, we determined the value of the dose of X-radiation 
producing a sensation of light in humans. 


APPARATUS AND EXPERIMENTAL METHODS 


The apparatus allowed single irradiation of the region of the eye with small doses 
of X-radiation of known and adjustable values. 


Fic. 1. Layout of apparatus. 


The experimental lay-out is given in Fig. 1. The source of X-rays is to the left 
and not indicated on the figure. As the source we used a RUM-11 apparatus 
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(RUT-200-20-3). The shielding device of the tube produced a conical beam of rays. 
At the round lead exit diaphragm (d,) this cone had a diameter of 25 mm with its 
apex at the anode of the tube, which was 350 mm distant from the diaphragm. The 
second lead diaphragm (d), with a diameter of 33 mm had a copper tube (f) of the 
same diameter secured in an iron screen (s), confined the beam of rays falling directly 
on to the region of the eyeball. The diaphragm (d>) (see Fig. 2 (B)) allowed passage 
of the beam of rays only in its unshaded part and the light effect of the beam thus 
had the appearance of a semi-circle. The diaphragm (d ) when set in the appropriate 
manner ensured illumination of either the right or left half of the retina of the observer’s 
eye. 


Fic. 2. (A) shutter, (B) diaphragm db. 


The observer placed his eye (e) to the tube. The eye was fixed in a definite position 
by means of a fixed red point (fr) and a round aperture of 1 mm diameter in the card- 
board diaphragm (a). 


A cardboard plug (cp) was placed in the tube to avoid any extraneous light falling 
on to the eye. 


The possibility of single irradiation of the eye with a definite duration of the dose 
was ensured by means of a shutter (sh) operating under the force of gravity. The 
arrangement and location of the shutter are depicted diagrammatically in Figs. 1 
and 2 (A) which show the initial position of the shutter; in Fig. 2 (A) the disposition 
of the tube (t) is shown by dotted lines and thereby also the beam of X-rays. At the 
end position of the shutter, the vane v2 occupied the position of vane v, (Fig. 2 (A)). 
The iron vanes of the shutter were reinforced externally with lead plates /, which pre- 
vented access of radiations to the eye in the starting and end positions of the shutter. 
In the starting position the shutter was held by the catch ct fixing vane vy). At the 
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required moment the observer dropped the catch and the vanes started to rotate 
around the axis o allowing the radiations access to the eye for a definite length of time. 
In the end position the shutter was held by a blade 5 coupled with vane v2. By means 
of handle / the shutter was returned to the starting position. 

The size of the dose was calculated by multiplying the time of action of the radiation 
on the retina of the eye ¢ during a movement of the shutter by the dose rate m. 

To measure the time ¢, we substituted for the eye a photoelectric cell with the dia- 
meter of its sensitive surface equal to that of the eye, and instead of a beam of X-rays 
a beam of light was used. The voltage arising at the terminals of the photoelectric 
cell on operating the shutter was recorded on the photographic strip of a loop oscillo- 
graph. The entire period of time from the start of the illumination of the upper part 
of the retina to the completion of illumination was taken as time ¢. In the experiments 
described later we always used a constant time namely, ¢ = 0-14 sec. The dose rate m 
was regulated by means of metal filters (Fig. 1 f7) and also by the magnitude of the 
anode current of the tube. The dose rate m was measured by enclosing the site of the 
retina e in the ionizing chamber of a RM-1 dose meter with a volume of 2 cm} and 
the dose rate was of course measured with the shutter open. The scale of the RM-1 
dose meter was checked against the RGI type of dose meter which is used as reference 
standard in the Institute of Biological Physics of the Academy of Sciences of the 
U.S.S.R. and which was in turn checked with the reference dose meter of the Central 
Roentgenology and Radiology Research Institute (Moscow). 

The estimated maximum error for t and m did not exceed +10 and therefore the 
maximum error in determination of the dose did not exceed + 20 per cent, which for 
the purpose of our investigations was perfectly adequate. 

The dose of radiation still producing a sensation of light in the observer was fixed 
for a definite voltage of the tube in the following way. The observer placed his eye e 
to the tube ¢ (as indicated in Fig. 1) after which he released the catch of the shutter 
at the same time as attempting to notice a “flash” of light. Usually, we first used copper 
filters 2-3 mm thick and then added copper plates of 1-1 mm thickness. We continued 
to add these until a discontinuity was obtained for the given thickness of the filter as 
the anode current of the X-ray tube was changed; for example, with an anode current 
of 10 mA a flash of light was seen which could not be perceived with a current of 4 mA. 
An 0-5 mm thick aluminium filter was always placed, together with the copper filters, 
on the side nearest to the eye in order to protect the facial skin of the observer from 
excess radiation by absorbing the soft rays. 

In order to establish whether the observer had actually seen a flash of light or not, 
a “controlled method” was used whereby the observer reported whether the flash 
was seen on the left or right. For example, if the beam of X-rays fell on to the right 
half of the retina (in the corresponding position of diaphragm d> in Fig. 2 (B)) and 
the observer stated that he had seen the flash on the left it could be taken that he had 
indeed seen a flash since he was not to know the position of the diaphragm. As an 
additional control, the X-ray source was sometimes not switched on and the observer 
was again asked to determine whether there were flashes of light: the observer did 
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not know that the tube was not switched on at the time and had no indirect clues 
of this (for example, absence of the click of the on-off switch). To determine the 
discontinuity of the doses, i.e. the dose at which the observer “saw” and the dose at 
which he did not “see”, about 12 such measurements were made for each thickness 
of the filters (with the diaphragm to the left or right and without radiation). 

The eye of the observer was dark-adapted for at least 1 hr before the start of the 
determinations of the threshold dose and the measurements themselves were, naturally, 
made in the dark. 

With the experimental procedure described, a doubt may arise that the sensation 
of light at the moment of operating the shutter was induced by penetration of extraneous 
light, for example, due to the incandescence of the cathode of the X-ray tube or the 
fluorescence of certain parts of the apparatus on irradiation of the X-ray tube, and 
was not the result of X-irradiation. This fear, generally speaking, is groundless since 
the image of the semi-circle of the diaphragm d> (Fig. 2 (B)) on the retina should occur 
on illumination of the diaphragm with light or X-rays in the opposite part of the retina. 
According to the replies given by the observer on the location of the light either on 
the left or right and a comparison of these replies with the actual position of the dia- 
phragm it could be concluded that it was the X-rays alone which produced the reaction 
in the observer in our experiments. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The experiments were made with five observers — three women and two men aged 
between 19 and 50 years and the results are given in Fig. 3. 


Sh Kh M 


Observer 


Fic. 3. Doses of X-radiation producing and not producing sensation of light. Upper 
limit, observer always perceived light; lower limit, light never perceived. The threshold 
lies somewhere between these limits. 


For subject V. (Fig. 3) a variant of the controlled method was used in that the 
test was carried out without the diaphragm d> (Fig. 1 and Fig. 2 (B)) and the source 
of X-rays was sometimes switched on and sometimes not in arbitrary order. 
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From the figure it follows that the observers always saw a dose of 1-3 mr but never 
a dose of 0-3-0-8 mr. A dose of 1 mr may therefore be described as the near threshold 
dose in the production of a sensation of light in persons by means of X-rays. 

In supplementary experiments we were able to show that the near threshold dose 
was reduced somewhat as the duration of the dose was decreased. 


The experiments were carried out with a tube voltage of 135 kV with half-wave 
rectification. For a fuller description of the characteristics of the X-irradiation we 
would point out that the data given in Fig. 3 correspond to copper filters 4-6-7-9 mm 
thick (varying for the different subjects). 

In determining the values indicated in the table, we employed a range of discon- 
tinuities the ratio of the visible to the invisible dose was from 2 to 5. We employed 
such a range in order to reduce the number of irradiations of the eye and, in addition, 
such a range suited our purpose since we were interested only in the magnitude of the 
near threshold dose. With use of this range the accuracy in determining the dose 
(+20) was quite adequate. 

Our results of 0-3-3 mr include the result given by Pape and Zakovsky of 0-5 mr [3] 
but in making this comparison it should be remembered firstly, that the conditions 
of the experiments differed in that our irradiation time was 0-14 sec as against their 
0-02 sec [3] and that we measured the dose for a single radiation whereas “volleys” 
of X-rays were delivered by Pape and Zakovsky [3]; and secondly, according to the 
same paper it is not clear which region of the retina was irradiated nor what was taken 
as the threshold of sensation. 

The value of the dose producing a sensation of light fluctuated little. This stable 
level is most conspicuous in comparing the results for the different observers (Fig. 3). 
Attention should be paid to the agreement of the results obtained in the course of 
a single experiment with one observer and on repetition of the experiments with the 
given observer after a long time. During the experiment with one observer the dose 
indicated in Fig. 3 as the upper limit always produced a sensation of light and the 
dose indicated as the lower limit was never perceived. The experiment with observer 
Kh. was repeated 2 months later and despite the fact that in this interval the observer 
had undergone an operation on the other eye the “visible” and “invisible” doses were 
unchanged. 

The degree of stability of the near threshold dose for a given individual makes it 
possible to try to employ this dose of radiation in a diagnostic test, e.g. to find out 
the state of the retina in case of turbidity of the transparent media of the eye. 

As explained in our introductory remarks, our study of the value of the near 
threshold dose with use of a shutter was perfectly harmless. However, in determinations 
of acuity of vision in humans by means of the existing X-ray techniques [2], the eye 
is kept for a lengthy period in the beam of X-rays and the dose delivered to the eye 
is quite considerable. It is probable that in determinations of acuity of vision, a shutter 
similar to that used by us should be employed in order to reduce the total dose delivered 
to the observer during the investigation. 
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SUMMARY 

(1) An article by Pape and Zakovsky [3] gives some indications of the level of 
the minimum dose of X-radiation which produces a sensation of light, but the paper 
has a number of shortcomings. The work on determinating the threshold dose of 
radiation required to produce an X-ray phosphene has therefore been continued. 

(2) Our five subjects always saw a dose of 1-3 mr and never a dose of 0-3-0-8 mr. 
We consider 1 mr as the near threshold dose. Our experiments were conducted 
with single irradiation of the eye with doses lasting 0-14 sec and a voltage of 135 kV 
and copper filters 5-8 mm thick. The diameter of the X-ray beam with a semi-circular 
shape was about 33 mm. The measurements were made in the dark in subjects dark 
adapted for 1 hr before the test. 

When the duration of the near threshold dose is shortened, its value may also be 
decreased. 

(3) A clinical study of the near threshold dose may be undertaken for diagnostic 


purposes. 

We wish to thank the Director of the X-ray Department of the Helmholtz State 
Research Institute for Diseases of the Eye, L. Ia. Itsikson, and Doctor of Biological 
Sciences N. N. Livshits, for their interest in this work. 


Translated by A. Crozy 
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THE EFFECT OF IONIZING RADIATION ON BIO-ELECTRIC 
POTENTIALS IN PLANT SEEDLINGS * 


A. M. Kuzin and Yu. I. KARNAUKHOV 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 
(Received 31 January 1959) 


Topay a deep bond is convincingly established between the bioelectric potentials 
(b.p.) and the basic life functions of the plant organism — breathing, photosynthesis 
and so forth [1-6]. Also the great variability of b.p. under the influence of different 
external stimuli [6-13] is an established fact. The work of Jones, Hunter and Bless 
[9-12] indicates that the change of b.p. of wheat shoots, maize, and beans under the 
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influence of X-rays follows exactly the change of length of the coleoptile and is deter- 
mined by the dose of radiation. As a rule X-rays decrease the b.p. and the vitality of 
seeds. The same authors endorsed the results of Nelson [14], that the b.p. of dormant 
seeds is zero, and that it increases slowly during the first few hours in a damp medium. 
As soon as growth of the coleoptile starts, the potential increases appreciably more 
quickly. High yield seeds give a higher value of b.p. than low yield varieties. 
Opritov [15] established the relationship between the size of plants’ b.p., and stimu- 
lation and inhibition of growth by using growth substances of different strengths. 
As in the first place the ionizing radiation influences the growth of plants partly by 
disturbing the synthesis of the growth substances, it was of interest to study the influence 
of the ionizing radiation on the b.p. of plants in more detail. The purpose of this work 
was to analyse the changes of b.p. in irradiated seed shoots in relation to the dose 
of radiation, the time after irradiation, and the physiological condition of the irradiated 
seedlings. 


APPARATUS AND METHODS 


The potential differences (p.d.) were measured by a compensation method on 
a PPTV-1 potentiometer with an amplifier valve LV-2. The latter permitted the working 
current to be as low as 10~!2 A; as a result of this the polarization of electrodes and 
ohmic loss along along the length of the seedlings was lower than 0-01 mV, far greater 
than the required accuracy, which is in the region of 0-5 mV if we consider the statistical 
distribution of p.d. in thirty to forty seedlings. A greater accuracy is not necessary 
in measuring the p.d. of parts of the plant, consisting of chains with an enormous 
number of separate cells. 

The p.d. was led away through non-polarizing saturated calomel electrodes attached 
to the valve potentiometer LP-5. 

Fig. | is a schematic drawing of the detection of a p.d. in a barley seedling (7). 
The calomel electrode (1) was tightly fixed by a rubber ring (2) into a glass tube with 
an orifice (3). The tube was filled with a saturated solution of potassium chloride, 
the crystals of which were put over the agar-agar. The rubber tube (4), treated before- 
hand by being boiled in alkaline water and then in distilled water, was filled with 3°, 
agar-agar in a saturated solution of potassium chloride. The limits of this agar-agar 
are marked on the figure by the numbers (5). The number (6) marks the section of 
a bent tube filled with a 0-2°% solution of agar-agar in ordinary water. This part was 
renewed before each new experiment took place by a pipette with a drawn-out and 
bent tip so as to prevent the penetration of potassium chloride to the tip of the leaf (8), 
which was inserted without mechanical pressure into the weak agar-agar solution 
to a depth of 2-3 mm. 

The second point of contact is established at the base of the stem (9) by a paper 
tube (10). By a plug made of glass wool (11) the seedling was fixed in one of the sixteen 
sockets of a rectangular board with grooves, and put in a glass tank with water and 
an agar-agar siphon (Fig. 2). The siphon was connected to a second half-cell, a reference 
calomel electrode, which was a common one, uniting through the medium of the water 
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in the little tank, all the paper tubes in contact with the bases of the stems of all the 
seedlings. As the paper tubes were fixed by a holder at the same height from the plugs, 
and so also at the same height above the water level in the tank, the feeding of all the 
plants was regular and identical. This also applies to the contact of all seedlings. 
The contacts were kept constant for a long time, which is not always so with many 
other frequently used means of contact, e.g. contact with a damp brush, damp felt, etc. 


Fic. 1. A method of determining the p.d. Fic. 2. The apparatus for the measurement of 
of a barley seedling. the p.d. of seedlings. 


The seedlings were raised as follows. Three hours after soaking the barley or wheat 
seeds in water, they were put in paper tubes with the plumulae pointing down, as if 
in a nest. The plugs with the tubes and the seeds were put inside the thirty-five sockets 
of a rectangular board immersed in the glass water tank. The paper tubes guaranteed 
a continuous supply of water to the seeds and to the roots and also a good exchange 
of gases. The seeds were grown under fluorescent lamps for 3 or 4 days (from the 
commencement of soaking). The most suitable ones were then selected. The sixteen 
chosen seedlings, held by the plugs (so that damage to the plants was avoided) were 
transferred to the sockets of the first board, as described above. For the control 
seedlings and the irradiated ones separate boards were prepared, as shown in Fig. 2. 
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Fig. 2 also shows the systems of switches and leads, which led to the nine calomel 
electrodes fixed in the sockets of a frame sliding along the vertical grooves. The frame 
had eight vertical rods, along which the clutches of the agar-agar siphons slid, turned 
along their axes and were held by bolts in any chosen position. Those manipulations 
facilitated the necessary contact with the tip of the seedling. 

The seedlings (or the seeds) were irradiated with the apparatus RUM-3 without 
a filter, at a distance of 20 cm from the anode and at a dose rate of 540 r/min. After 
irradiation the seedlings and the controls were moved under the light of mirror lamps 
3N-5, cooled with ordinary water, so that the temperature fluctuation around the 
seedlings was about half a degree. Fig. 2 shows part of the casing of the lamp cooler. 

The potentials of four irradiated and four control seedlings were recorded simul- 
taneously by eight identical calomel electrodes (the ninth was the common reference 
half-cell). The p.d. of all the thirty-two seedlings, among them the sixteen control 
ones, were measured in four sessions. The sixteen controls were used to determine 
the means numerical values of the p.d. and the length of the seedlings. During each 
experiment all the zero points of all the electrodes were determined to the accuracy 
of 0-1 mV. 

From 8 to 10 min after establishing contact with the tip of the seedling’s leaf, the 
curve of the p.d. was already gently sloping, with periodical increases and sharp 
fluctuations. An explanation of these fluctuations as due to electrical defects is not 
possible as the fluctuations do not appear simultaneously in a number of seedlings. 
Bless (Joc. cit.) links the fluctuations of p.d. with the fluctuations of cell activity a 
the moment of measurement or in the period just preceding it. This is the explanation 
of the big differences in values of p.d. compared with the differences in values of the 
length of the coleoptiles. Of course, the fluctuations in the values of p.d. could lead 
us to mistaken conclusions, if the number of observations was not large. The previous 
selection of seeds and seedlings and also the constant parallelism in the examination 
of the irradiated and control plants, permit us to limit ourselves to sixteen experimental 
specimens and sixteen control ones. 

Statistical analysis indicates that there were no deviations in any one of the experi- 
ments of the different values of p.d. from the mean, exceeding the limits of three times 
the standard deviation. 

In our experiments we took measurements 10 min after establishing the contact. 
The results of those measurements, subjected to statistical analysis, are the basis of 
the curves which are mentioned below. 

Our method of tapping and measuring the p.d. excludes the possibility of bruising 
the plants which, as is well known, influences the b.p. 


RESULTS 


The series of measurements of p.d. on irradiated four-day-old barley seedlings 
of the variety “Viner” showed a substantial stability of p.d. immediately after irradiation. 
As Table 1 makes clear, the irradiation of barley seedlings by 3000, 10,000 and 
30,000 r does not alter the statistically established deviation of p.d. of irradiated plants 
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from the norm either immediately after irradiation (0-8 hr) or after 25 hr. Despite 
the fact that irradiation even in that stage of growth with 3000 and 5000 r inhibits 
completely the further development and growth of the plants, it is evident that doses 
as high as 30,000 r did not have any important influence on the p.d. 


TABLE | 


Time of Ratio of mean 
Plant’s age at Dose values of p.d. in 


irradiati measurement and 
irradiation of radiation | ater irradiation | tadiated an 


(hr) (kr) | non-irradiated 
plants 


0-99 
1-04 
1-00 
0-92 
1-00 
100 : 0:90 


The results tally with the observations of Kuzin et al. [16] on the very stable first 
stages of photosynthesis under irradiation, and also with the fact, well known in the 


literature, of the stability of the respiratory processes to the immediate influence of 
irradiation. 


7 2 7 

Fic. 3. The change of p.d. of seedlings after irradiation with a dose of 30,000 r. 

Abscissa: the time from the moment of irradiation in days. Ordinate: the p.d. of 

seedlings in mV. O;, O2, O3; — irradiation after, 3 and 4 days after the soaking of 
seeds; Kj, K2, K3 controls. 
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A different picture emerges when measuring the p.d. a long time after irradiation 
[2-5 days]. 

Fig. 3 shows the course of change of the p.d. of irradiated and control shoots during 
a few days after irradiation for the three series of experiments. Despite the fact that 
the course of the curves for the different series is not identical (because it is dependent 
on different periods of irradiation and also on the different temperature of cultivation) 
it shows clearly the sharp p.d. deviations of irradiated plants from the norm, which 
also corresponds to a considerable retardation in growth of irradiated plants. 
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FiG. 4. The changes of p.d. of seedlings in relation to their age during irradiation 
with 30,000 r. The p.d. curves are in arbitary units in relation to the control specimens. 
Age of seedlings during irradiation 4—5 hr (1); 28-29 hr (2); 52-53 hr (3); 75-76 hr (4); 
100-101 hr (5). Abscissa: time from soaking of seeds, in hours. 


During irradiation of barley shoots at different stages of germination, a distinct 
correlation was apparent between the lowering of p.d. and the stage of germination. 
The irradiation of early stages of germination (5 to 28 hr) was appreciably more effective 
than the irradiation at later stages (76 to 100 hr). This is evident from Fig. 4, which 
represents the results of the measurements of five series of irradiated barley seedlings. 
The magnitude of the p.d. is expressed in arbitary units of the ratio between the p.d. 
of irradiated plants and that of the controls. As Fig. 4 shows, irradiation after 5 hr 
of soaking even brings about an inversion of the p.d. 

The results for winter wheat are analogous to the above. The only difference is 
that the age corresponding to the maximum effect is displaced to a later time in com- 
parison with the “Viner” variety of barley. 

When the seedlings of winter wheat and those of “Viner’’ barley are irradiated at 
this age, inversion of charge polarization often occurs. Whereas the inversion in barley 
is stronger and occurs more often, the radiosensitivity of “Viner” barley is higher 
than that of the winter wheat. 
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From the above examples it is clear that the b.p. of seedlings did not change im- 
mediately after irradiation, and those changes which eventually were found were not 
the immediate result of ion formation in irradiated plant tissue, as Bless and others 
suppose [9-12]. The changes of b.p. a few days after irradiation indicate that they 
are the consequence of important changes in metabolism, and probably in the first 
place of the oxidation and reduction processes of an irradiated plant during radiation 
damage. 

Those changes of b.p. are in close correlation with growth inhibition in the plant. 
However, one should not deduce that the changes of p.d. are the consequences of 
the growth inhibition in plants, and it is more probable that both the growth inhibition 
and the change of p.d. reflect (and in somewhat different ways) those changes in meta- 
bolism which occurred in the irradiated seedling. 


SUMMARY 

(1) Good results were obtained in checking the new technique devised for growing 
seedlings and measuring their potential differences (p.d.). 

(2) No reliable p.d. alterations could be statistically revealed in 3 to 4 days old 
seedlings after irradiation with doses of 3000, 10,000 and 30,000 r. 

(3) Two to 5 days later a regular decrease of the p.d. was always observed in the 
irradiated seedlings as compared with the controls. 

(4) Our investigation confirmed the already stated fact that the maximum of 
radiosensitivity in a plant occurs at a certain stage of its development, and the maximum 
effect of X-irradiation occurs at different ages in different plants: so for example in 
winter wheat it takes place at a later age than in the “Viner” variety of barley. 

(5) In germinating seeds, the inversion of the charge polarity was observed after 
their irradiation with 3000 r during the period of their maximum sensitivity to irradiat- 
ion; the greater the dose and the closer its proximity to the period of its maximal effect, 
the stronger was the inversion and the more often was it observed. 

(6) A certain relation was revealed between p.d. alteration and growth inhibition 
in irradiated plants, but it was infringed when the irradiation took place at early dates. 
It is suggested that p.d. changes and growth inhibition are only reflections of more 
important changes in the metabolism of the seedlings. Thus they should be regarded 
as of secondary and not of primary origin, as Bless and other investigators suppose. 


Translated by G. BROWNING 
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THE EFFECTS OF RADIATION ON THE ULTRA-VIOLET 
ABSORPTION SPECTRA OF CRYSTALLINE PROTEINS 
AND AMINO ACIDS* 


S. N. ALEKSANDROV and M. P. BUKHMAN 


Central Radiological Research Institute, U.S.S.R. Ministry of Health, Leningrad 
(Received 5 July 1958) 


MANY papers on the primary processes in radiobiology have appeared in recent years. 
It has been found that amino acids are deaminated by the light from a mercury lamp 
more rapidly in acid solution than in alkaline solution, and that the rate of deaminat- 
ion depends on the nature of the acid [1]. It is known that X-rays cause effects that 
are essentially the same as those caused by ultra-violet light [2-4]. Allen ef al. [5] 
state that the absorption spectra of solutions shift to longer wavelengths when the 
solutions are irradiated, which effect is taken to indicate major changes in the molecular 
structure. They [5] give reaction schemes for the changes caused in oxygenated solutions 
of amino acids by light. All the papers cited above relate to absorption spectra recorded 
on solutions, which spectra depend very much on pH. 

Many papers have appeared on the effects of X-rays and ultra-violet light acting 
together on solutions of proteins or of amino acids. Thus McLaren [6] devotes a chapter 
to the changes caused by light in solutions of amino acids; Giese et al. [7] have used 
ultra-violet light or ozone to treat solutions of amino acids or of proteins, and have 
found that the changes caused by ozone in the absorption spectra are not the same 
as those caused by ultra-violet light. Mishchenko [8] has studied the effects of ultra- 
violet light on the absorption spectra of some amino acids, and has found them very 
sensitive to this radiation. 


* Biofizika 4: No. 6, 720-724, 1959, 
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Pavlovskaia and Pasynskii [9] have studied the effects of ionizing radiation on 
protein solutions in air or under vacuum. They conclude that changes are caused, 
in the main, by.OH radicals and by hydrogen peroxide. Bukhman and Manoilov [10] 
have used an ultra-violet microscope to study the changes caused in protein or amino- 
acid crystals by ultra-violet light. 

The object of the present work was to compare the effects of the 8- and y-rays 
from radon on the absorption spectra of crystalline proteins and amino acids with 
the effects caused by ultra-violet light. To do this we used Brumberg’s spectrograph 
to supply the ultra-violet microscope; Brumberg and Pekerman’s method [11] was used. 


MATERIALS AND METHODS 


The materials were chemically pure crystalline proteins and amino acids; the thick- 
nesses of the crystals varied from 2 to 5 uw. The crystals were mounted on quartz 
slides under neutral paraffin oil and were covered by quartz coverslips. A slide was 
placed on the microscope stage and the crystals were photographed at wavelengths 
within the range 250-400 mu. The crystals were irradiated in air, in the oil. The $- 
and y-ray source was radon in a glass capillary whose walls were thick enough (50 w) 
to absorb the x-rays completely. The total energy output of the SVD-120 arc was 
12 J/cm? in 5 min in the region from 250 to 400 mu. 

We recorded the absorption spectra of crystals whose thicknesses were equal, 
and then irradiated some with the rays from radon and others with the ultra-violet 
light. Those irradiated by the radon were further irradiated with ultra-violet light 
after the spectra had been recorded; fresh spectra were then recorded. In each case 


the various spectra for a crystal were recorded on a single plate, which also had density 
standards; the plates were examined with an MF-2 microphotometer. The results 
were used to calculate the absorption curves in the form log /p/J vs. the wavelength. 


RESULTS 


Fig. | (for egg albumin) shows that the foot of the absorption curve is shifted 
50-70 mu to the long-wave side by the radiation, especially in the case of the crystal 
treated with both radiations. 

The following amino acids were irradiated first with radon and then with ultra- 
violet light: phenylalanine, tryptophan, tyrosine, cysteine, lysine, arginine, alanine, 
and histidine. The foot of the absorption curve was shifted to the long-wave side by 
both forms of radiation in the cases of phenylalanine, tryptophan and cysteine. Histidine 
absorbs at shorter wavelengths, and the ultra-violet treatment did not cause any 
absorption to appear in the range 250-400 my; but the radon treatment produced 
some absorption at 300 mu, which became stronger and moved to longer wavelengths 
when ultra-violet light was then applied (Fig. 2). Lysine, arginine, alanine and tyrosine 
showed no radiation-induced changes in the 250-400 my region; Fig. 3 relates to 
tyrosine, for which it is clear that there was no appreciable shift, although in aqueous 
solution tyrosine is photo-oxidized, with consequent changes in the ultra-violet 
absorption [7, 8]. The tryptophan spectrum shifted to the long-wave side by 5 to 15 mu 
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(Fig. 4); cysteine (which has no double bonds) does not normally absorb wavelengths 
longer than 250 mu (Fig. 5), but the radiation from radon caused a strong absorption 
band to appear, whose peak lay between 280 and 290 mu. Ultra-violet radiation caused 
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Fic. 1. Egg albumin. (1) Before irradiation, (2) after ultra-violet irradiation, (3) after 
treatment with radiation from radon, (4) after treatment with both forms of radiation. 


an even stronger band to appear; crystals treated with the two radiations in turn absorbed 
even in the visible region, and did not transmit at all below 290 mu. 
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Fic. 2. Histidine. (1) Before irradiation and after ultra-violet irradiation, (2) after 
treatment with both forms of radiation, (3) after treatment with radiation from radon. 


Phenylalanine gave the results of most interest; it has an absorption band that 
rises steeply below 275 mu, and four sharp bands can be seen in the 275-250 mu. region 
if very thin crystals are used; there are also two weak bands in the 248-243 my range. 
The four bands (270, 266, 260 and 255 my) are always in the same positions. In solution* 


* We wish to thank S. I. Riskina for recording the spectra of the phenylalanine solutions. 
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81 
(in 0-1 N KOH) phenylalanine also shows six absorption bands in this region; these 
bands retain the relative positions they have in the crystal, but are all shifted 6 mu 


10 
250 


MY 
Fic. 3. Tyrosine. (1) Before irradiation, (2) after treatment with radiation from 
radon, (3) after treatment with both forms of radiation. 
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Fic. 4. Tryptophan. (1) Before irradiation, 
(2) after treatment with radiation from radon, 
(3) after treatment with both forms of radiation. 


Fic. 5. Cysteine. (1) Before irradiation, 
(2) after ultra-violet irradiation, (3) after 
treatment with radiation from radon, (4) af- 
ter treatment with both forms of radiation. 


to the short-wave side. The absorption bands in the 270-248 mu. region are not displaced 
when the crystals are irradiated, but the foot of the curve moves to longer wavelengths, 
and a new peak appears (Fig. 7). The same effect is found when the radiation from 
radon acts on a phenylalanine solution (Fig. 7). The effect of the radiation is to make 
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the spectrum of phenylalanine more like that of tyrosine. Now Schocken [12] has 
shown that prolonged (90 min) treatment of a phenylalanine solution with ultra-violet 
light causes some 20 per cent of the phenylalanine to be transformed to some substance 
very like tyrosine (the solutions were tested colorimetrically). He states that his colour 
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Fic. 6. Phenylalanine. (1) Control, (2) after tre- Fic. 7. Phenylalanine. (1) Before irradiation, 
atment with radiation from radon. (2) after ultra-violet irradiation, (3) after tre- 
atment with radiation from radon, (4) after 

treatment with both forms of radiation. 


reaction is one that cannot indicate the point at which the hydroxyl group has been 
introduced. Tyrosine has a structure very like that of phenylalanine; the two com- 
pounds differ only by an OH group attached to the benzene ring: 


—CH,—CH(NH,)—COOH Phenylalanine 


HO< _ Tyrosine 


It would seem that the radiation transforms some (but not all) of the phenylalanine 
to tyrosine, since the main absorption bands of phenylalanine are not affected. 
Tsuverkalov’s reaction shows that tyrosine is present in irradiated solutions of phenyl- 
alanine. Special studies are needed to establish whether OH groups can be attached 
to the benzene rings in phenylalanine crystals. 


SUMMARY 

(1) The foot of the absorption band moves to longer wavelengths when crystals 
of tryptophan, phenylalanine, or cysteine are irradiated with the ultra-violet light 
from a mercury arc or with the $- and y-rays from radon. 
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Effects of radiation on u.v. absorption spectra of crystalline proteins 


(2) Lysine, arginine, alanine and tyrosine show no such effect. 


(3) Histidine does not absorb at wavelengths longer than 240 mu in the normal 
state or after it has been treated with ultra-violet radiation, but it absorbs at longer 
wavelengths after it has been treated with the radiation from radon. 

(4) In every case the radiation from radon and ultra-violet light move the foot 
of the absorption band in the same sense. 

(5) A new peak appears in the ultra-violet absorption spectrum when phenylalanine 
is irradiated; its spectrum then resembles that of tyrosine. 


Translated by J. E.S. BRADLEY 
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EFFECT OF RADIATIONS ON EHRLICH ASCITES 
CARCINOMA IN CONNEXION WITH THE PROBLEMS 
OF PROTECTION — Il 


ACTION OF PROTECTIVE SUBSTANCES ON INCIPIENT RADIATION 
REACTION OF MAMMALIAN CELLS* 


Ye. N. TOLKACHEVA 


Institute of Biological Physics, Academy of Sciences of the U.S.S.R., Moscow 
(Received 5 March 1959) 


Ir has been shown earlier [1] that a number of substances differing widely both in 
chemical structure and physiological actions on the animal body exert a considerable 
protective action on the cells of Ehrlich ascites carcinoma. From these investigations 
it was possible to conclude that the protective action of a number of compounds, 
including glutathione and sodium pentobarbitone, is of a cellular nature. The present 
study is devoted to elucidating the influence of these compounds on incipient biological 
disturbances occurring in cells as a result of irradiation. 

One of the earliest indications of radiation damage to the cell is inhibition of cell 
division [2, 3]. It should be pointed out that the doses which produce depression of 
cell division are considerably lower than those which give rise to various disturbances 
in metabolism or weakening of other factors of cell viability, e.g. respiration. The 
slower rate of cell division is a reflection of the lengthening of the inter-phase period 
and may be characterized by the mitotic index. 

Alongside inhibition of cell division, another indication of the damage sustained 
by the irradiated cell is disturbance in the structure of such vitally important cell 
components as the chromosomes. A number of workers have shown [4, 5] that the 
chromosomes are damaged when these structures are directly exposed to ionizing 
radiations. This damage may be detected by analysing the first division of the cells 
after irradiation. Thus, investigations into the influence of protective substances 
on the degree of inhibition of cell division and frequency of chromosome aberrations 
reveal the presence of a protective action in relation to the earliest radiobiological 
reactions of the cell. 

The aim of our present work was to ascertain the efficacy of the protective action 
of glutathione and sodium pentobarbitone on mitotic activity and chromosome aberrat- 
ions on irradiation of Ehrlich ascites carcinoma cells. 

The cells of Ehrlich ascites carcinoma used in the work were studied on the sixth 
day after tumour transplant in white mice, by the technique described earlier [1]. 
The weight and age of the animals were standard in all the experiments (23-27 g and 


* Biofizika 4: No. 6, 726-730, 1959. 
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2:0-2:5 months). The animals were exposed to whole body X-irradiation in a dose 
of 500 r delivered either by a three-tube or RUP-1 apparatus (170-190 kV, 10-15 mA, 
Cu 0-5 mm + Al 0-75 mm, dose rate 50-62 r/min). In order to exclude possible daily 
fluctuations in the mitotic index, irradiation was always carried out between 10 and 
11 a.m. 

The protective substances were administered intraperitoneally in sub-toxic doses 
(glutathione 0-8 mg per g body weight, sodium pentobarbitone 0-08-0-09 mg per g) 
5-10 and 15-20 min respectively before irradiation. 

The ascitic fluid was extracted at various times after irradiation and from it smears 
were prepared, which were fixed in methyl alcohol and stained with acid haemalum 
or methylene blue (after Kellner and Stockinger). 

The changes in the mitotic index were followed for 24 hr after irradiation, 1000 cells 
per preparation being counted for each animal. In addition, at 24 hr a count was made 
of the frequency of chromosome aberrations (bridge formation and acentric fragments 
were noted in the anaphase). 

Before investigating the protective action of both substances, the influence of the 
substances on cell division and frequency of chromosome aberrations were determined 
in unirradiated control Ehrlich ascites carcinoma cells. The results of the control 
experiments are given in Tables | and 2. 


TABLE |. EFFECT OF GLUTHATHIONE AND SODIUM PENTOBARBITONE ON THE MITOTIC INDEX OF UNIRRADIATED 
CELLS OF EHRLICH ASCITES CARCINOMA 


Time* of ale? Mais 
No. | conditions cells) Mau = 

| pared Maif 
1 Controls 5 4-20 +.0-60 
1-0 2 Glutathione 5 5-14+0-88 1 and 2 0-94 +. 1-07 
3 Sodium pento- 
barbitone 5 3-26+0-77 1 and 3 1-17 
Controls 5 4:10+0:35 
6-0 Glutathione 3 3304031 and 2 0:80 +0-47 
3 Sodium pento- 
barbitone 3 3-5340-41 1 and 3 0:57 
Controls 5 5-96 +0-47 
24-0 2 Glutathione 5 6:03 + 1-17 1 and 2 0-07 + 1-22 
3 | Sodium pento- 
barbitone 4 5:78 +1-11 1 and 3 0-18+1-21 


* The time of sampling was as in the experiments with irradiation, i.e. from the time of termination 
of irradiation. 


The results of the investigations into the protective action of glutathione and sodium 
pentobarbitone on the mitotic activity of irradiated Ehrlich ascites carcinoma cells 
are given in Figs. 1 and 2 and Tables 3 and 4. 
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TABLE 2. EFFECT OF GLUTATHIONE AND SODIUM PENTOBARBITONE ON FREQUENCY OF CHROMOSOME 
ABERRATIONS IN UNIRRADIATED EHRLICH ASCITES CARCINOMA CELLS 


Percentage of Maif 
Series Experimental | No. of anaphase anaphase with 
No. conditions counted chromosome Series 


Mais 
aberrations 


compared Maif ~ 


Controls 11-1+1-83 
Glutathione 7-3+1-38 1 and 2 3-842:3 
| Sodium pento- 
barbitone 265 7-6+1-03 1 and 3 3-5+2:1 


As will be seen from Figs. 1 and 2, irradiation led to considerable depression of 
mitotic activity in the Ehrlich ascites carcinoma cells. The maximum fall in the mitotic 
index was observed 6-9 hr after irradiation. There was a certain difference in the degree 
of inhibition of cell division obtained in the two experimental series with use of gluta- 
thione and sodium pentobarbitone, obviously the result of the different times at which 
the tests were carried out and the inaccuracy of dosimetry. 


Mitotic index 


100 Mitotic index 
100 


Fic. 1. Effect of glutathione on change in the course of mitotic activity on irradiation of Ehrlich car- 
cinoma cells. Abscissa: time (ft) after irradiation (in hr). Ordinate: mitotic index (as percentage of 
control). 1. glutathione + 500 r; 2. 500 r. 

Fic. 2. Effect of sodium pentobarbitone on change in the course of mitotic activity on irradiation of 
Ehrlich carcinoma cells. Abscissa: time (t) after irradiation (in hr). Ordinate: mitotic index (as percentage 
of control). 1. sodium pentobarbitone + 500 r; 2. 500 r. 


The relevant curves in Figs. 1 and 2 show that both the compounds under investi- 
gation exerted a protective action on the ascites carcinoma cells. The figures for the 
mitotic index in experiments using protective agents were never as low during 24 hr 
after irradiation as on irradiation in the absence of these substances. Despite the fact 
that not all the points on the curves (Figs. 1 and 2) indicated a reliable difference 
between the protected experimental and the irradiated groups, the conclusion that 
glutathione and sodium pentobarbitone exert a protective influence on cell division 
is fully justified if we consider the entire course of the curves. 
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The study of the frequency of chromosome aberrations in the first division of the 
irradiated cells showed a considerable diminution in the degree of damage to the 
chromosomes in the experimental groups, i.e. those receiving one of the test com- 
pounds before irradiation. These results are given in Tables 5 and 6. 


The following remarks are prompted by the results given above on the protective 
action of glutathione and sodium pentobarbitone on the incipient radiobiological 
reactions of the cells. As Table 2 shows, injection of both substances led to a decreased 
number of chromosome aberrations arising spontaneously in unirradiated tumour 
cells and although the difference is statistically insignificant, it is not to be excluded 
that the test compounds may reduce the frequency of chromosome aberrations not 
only in irradiated but also in unirradiated cells. 


In summing up the results obtained in this work, it may be stated that the protective 
action of both glutathione and sodium pentobarbitone leads to a decrease in the 
radiation-induced destructive changes. This conclusion is fundamental, since in the 
papers of many investigators there are references to the effect that preliminary injection 


TABLE 3. EFFECT OF GLUTATHIONE ON SUPPRESSION OF MITOTIC ACTIVITY IN EHRLICH ASCITES CARCINOMA 
CELLS DURING 24 HR AFTER IRRADIATION 


Time af 
ime after Series animals in! itotic index 


irradiation No. | Experimental conditions experi- | (% of dividing | R 


(hr) cells) 


Mai if 
Mdif 


1 | Controls 23 4-64 40-28 
2 | Irradiation 20 3-60 +0-28 
3 | Glutathione + irradiation 18 4-25 +.0-36 
Controls 22 4:02 40°37 
2 Irradiation 15 
| Glutathione + irradiation 3-5240-26 
1 | Controls 16 4-31+0-37 
2 Irradiation 13 1-44+0-22 
3 Glutathione + irradiation 13 2:02+0:°31 
1 | Controls 17 4-52+0°27 
2 Irradiation 13 0-86 +0:16 
3 Glutathione + irradiation 15 1-46+0-14 
I Controls 14 4-46 +0-48 
2 Irradiation 7 0-73 +0-20 
3 Glutathione + irradiation 15 1-74+0°49 
1 | Controls 12 3-04+0-28 
2 Irradiation 12 0-67 +0-12 
3 Glutathione + irradiation 12 1-75+0-10 
1 | Controls 14 4-62+0°58 
2 Irradiation 14 | 3-71+0-59 
3 | Glutathione + irradiation | 15 | 4334058 | 0-75 


* In this and following tables R refers to the comparison of the second and third series of experi- 
ments. 
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TABLE 4. EFFECT OF SODIUM PENTOBARBITONE ON SUPPRESSION OF MITOTIC ACTIVITY IN EHRLICH ASCITES 
CARCINOMA CELLS DURING 24 HR AFTER IRRADIATION 


+ f No. of Mitotic ind 
ime after itotic index 


irradiation No. Experimental conditions experi- (°% of dividing 


(hr) mene cells) 


Controls 4-64 +.0-23 
Irradiation 1-55 +0-33 
Sodium pentobarbitone - 

irradiation 2°13 +0-23 
Controls 4-02 +0-37 
Irradiation 1-08 +-0-47 
Sodium pentobarbitone 

irradiation 1-96 +0°27 
Controls 4-31 40-37 
Irradiation 0-27 +.0-06 
Sodium pentobarbitone 

irradiation ~0-27 
Controls *§2+0-27 
Irradiation 07 0-01 
Sodium pentobarbitone - 

irradiation 0-58 +0-11 
Controls 4-46 + 0-48 
Irradiation 0-19 +.0-07 
Sodium pentobarbitone 

irradiation 0-88 +-0-19 
Controls 4-62 +.0-58 
Irradiation 2°25 +0-52 
Sodium pentobarbitone 

irradiation 3-32 +.0-45 


TABLE 5. GLUTATHIONE PROTECTION OF NUCLEAR STRUCTURES ON IRRADIATION OF EHRLICH ASCITES 
CARCINOMA CELLS 


Percentage 
of anaphases with 
chromosome 
aberrations 


No. of No. of 
Experimental conditions animals in anaphases 
experiment counted 


Series 
No. 


Controls 11 11-3+1-°57 
Irradiation 10 36:9 +3-89 
Glutathione + irradiation 12 2284214 


of certain compounds leads to accelerated reparative processes without reducing the 
damaging effects of radiations [6-8]. This claim is made chiefly on the basis of in- 
vestigations of complex processes developing within the irradiated animal body which 
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TABLE 6. SODIUM PENTOBARBITONE PROTECTION OF NUCLEAR STRUCTURES ON IRRADIATION OF EHRLICH 
ASCITES CARCINOMA CELLS 


Percentage 
of anaphases 

| with chromosome 
aberrations 


No. of No. of 
Experimental conditions animals in anaphases 
experiment counted 


Series | 
No. 


| Controls 18 670 12°8+1-72 
| Irradiation 20 847 37-7+1-68 
| Sodium pentobarbitone +- 

irradiation 23 832 28-8+ 1-99 


do not always allow a distinction to be drawn between the initial reaction and subse- 
quent changes. 


Translated by A. Crozy 
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THE MECHANISM OF RADIATION, THERMAL 
AND ALKALINIZATION HAEMOLYSIS AND 
THE DETERMINATION OF THE STRUCTURAL 
UNIT OF THE SURFACE LAYER OF THE 
RED CELL EXPOSED TO RADIATION * 


K. S. TRINCHER 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


Received 13 December 1958) 


It has been shown in the course of investigations reported previously [1] that the 
latent period of red cell resistance to haemolysis in isotonic buffer solution of pH ~ 12-3 
decreases with increasing dose of radiation to which the sample of blood has been 
preliminarily exposed. In this paper the results of a study of the effects of heating 
on the latent period of the red cell’s resistance to the subsequent action of an alkaline 
medium are described. The similarity between the mechanism of action of heat and 
radiation in this respect has been demonstrated. The experimental data helped in 
understanding the kinetics of the action of heat, radiation and alkalinity on the surface 
layer of the red cells. The sensitive volume of the structural unit of the surface of the 
cell corresponding to a single ionization has been calculated. If it is accepted that 
the structural unit of the surface layer of the red cells is in fact a molecule of lipoprotein, 
the molecular weight of the latter can be deduced from the calculated sensitive volume. 


EXPERIMENTAL 


Fresh rat blood was used, mixed 1:5 with a solution consisting of three parts of 
saline and one part of a 5% solution of sodium citrate. Thus diluted the citrated blood 
was heated in a water thermostat. Four series of experiments were carried out at 
different temperatures. In each series the samples of blood were exposed to the action 
of heat at a temperature constant to +0-1°. After various periods of heating, one 
drop of blood was removed and immediately mixed with 5 ml of an isotonic buffer 
solution of pH ~ 12-3t at room temperature. A uniformly turbid suspension of red 
cells was obtained by shaking. Haemolysis occurred after a certain latent period. 
The kinetics of the process were studied with the use of a photoelectric colorimeter 
(type FEK-M). The values of extinction as a function of time (counted from the 
moment of addition of the drop of blood to the alkaline buffer solution) are shown, 
for one of the experiments, in Fig. 1. The experiment was one of a series involving 


* Biofizika 4: No. 6, 731-737, 1959. 
+ The buffer solution consisted of 0-1 N NaOH + 0:1 N borax and contained 0-39% NaCl. 
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the heating of blood for various periods at 50°C. The figures on each of the curves 
of Fig. 1 denote the duration (in minutes) of the preliminary heating. The curve marked 
k refers to the control sample of unheated blood. Samples heated at 45°, 51° and 60° 
were treated in the same way. The curves obtained for each experiment at the given 
temperature were easily reproduced. 


070 


300 00 500 
min] 


Fic. 1. The dependence of the extinction (E) of the suspension of red cells in the isotonic 

buffer solution of pH ~ 12-3 on time (ft) after the sample of blood has been heated 

for various periods of time. The figures accompanying the curves denote the dur- 
ation of heating at 50° in minutes. K — control. 


As shown in Fig. 1, the initial phase of haemolysis, which could be arbitrarily 
called its latent period, was associated with high values of extinction, since the solution 
under study was turbid. Then, in a relatively short period of time, the extinction fell 
rapidly: towards the end of this short period of time the rate of fall changed sharply, 
but having reached its lowest value, corresponding to the completion of haemolysis, 
the extinction remained constant. 


All the curves of Fig. 1, expressing the connexion between the extinction and time, 
are similar in shape and to a certain extent indicate the direct linear relationship between 
the two factors. The lower segment of the curve probably reflects the statistical spread 
of the haemolytic process, depending on red cells of different ages having different 
resistances [2]. 

The influence of preliminary heating on the resistance of red cells in the alkaline 
medium became apparent in the form of a shortened latent period. The displacement 
of the curves to the left showed that the longer the period of preliminary heating, the 
shorter the latent period. In order to establish the functional interdependence between 
the time of onset of haemolysis in the alkaline medium and the duration of the prelimi- 
nary heating, solutions of the same degree of haemolysis must be compared. Fig. 1 
shows a horizontal line corresponding to the extinction value of 0-50. This is slightly 


j 
pe 
060 AYA 
80 40 
{ 

: 

4 

3 

WE 

4 

‘ 

RES 


K.S. TRINCHER 


92 


higher than the lowest extinction figure for a transparent solution corresponding 
to complete haemolysis, and is sufficiently different from the high extinction values 
of a turbid solution still containing non-haemolysed cells. This line intersects each 
curve at a point the abscissa of which defines the time interval needed for the same 
degree of haemolysis to be achieved (t, (D)). The curves shown in Fig. 2 illustrate 
how the time of occurrence of haemolysis depends on the period of heating of the 
blood at various temperatures; the curves are of the exponential type for a temperature 
range of several degrees. If the temperature of the preliminary heating was equal 
to 60° or more, the red cells placed in the alkaline buffer solution undergo very rapid 
haemolysis (curve 60°). When the preliminary heating is carried out at a temperature 
of 45° the red cell placed in the alkaline solution shows no acceleration of haemolysis 
(curve 45°). The curves referring to the intervening range of temperatures are of the 
exponential type (curves 50 and 51°). This phenomenon is a result of the high temper- 
ature coefficient of heat denaturation [3]. 
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Fic. 2. The effects of heating at various temperatures and of a dose of X-rays (curve 51°) on the time 
of occurrence of haemolysis in minutes. Ordinate: time of occurrence haemolysis in min. Abscissae: 
figures without brackets — duration of heating in minutes; in brackets — minutes of irradiation 
delivered at a dose rate of 10 kr/min. 


An exponential function representing the effect of radiation dose, similar to the 
effect of a temperature of 51°, has been previously discovered by the author in the 
course of investigations of the dependence of the time of occurrence of alkalinization 
haemolysis on the dose of radiation to which the sample of blood had been previously 
exposed [1]. 

Data obtained in the course of one of the experiments with a sample of blood exposed 
to X-rays (with doses from 10 kr to 320 kr) are shown in Fig. 2 (curve 51°). As the 
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shape of the curve shows, the relationship between the time of occurrence of haemolysis 
and dose is of a similar exponential type whether the agent in question is heat or 
radiation. 


DISCUSSION OF THE RESULTS 


The relationship between the time of occurrence of haemolysis in alkaline medium 
and the preliminary action of the physical agent on the blood can be expressed as the 
effect being a function of the dose. It is possible to explain the whole process in terms 
of .he target theory by considering the surface layer of the red cell as a field consisting 
of an enormous number of sensitive areas which become affected by the action of heat 
or radiation in accordance with Poisson’s formula. If we take the mass of the surface 
layer of the red cell as m we get the following equation: 


m(D) = moe~*”, (1) 


where k, is the dose coefficient, and D is the dose of the physical agent. The remaining, 
unaffected, mass m(D) is equal to the initial mass after it has been subjected to the 
chemical action of the alkaline buffer solution; i.e. 


m (D) = Mens (2) 


The chemical effect of the medium on the cell consists, it is assumed, of continuous 
process of “washing out” of the surface layer of the red cells proceeding from the peri- 
phery towards the centre. This seems to be a process linear with time, as the OH ion 
concentration is constant; and the surface area of the cell, at least until haemolysis 
occurs, can also be considered constant. We can say, therefore, that 


Menem (t) = "chem — Kat’, (3) 


where k> is the rate of chemical decomposition of the unaffected mass in the buffer 
solution. From (1), (2) and (3) it follows that 


(t) = moe — kor’. (4) 


The mass of the unaffected surface layer of the red cell diminishes in the buffer 
solution up to a point when a certain minimum, critical mass m}, is reached, when 
haemolysis instantly takes place. Taking ft} as the time of occurrence of haemolysis, 
equation (4) reads: 


Merem = Mee = Moe — kt,. (5) 


If we consider that the critical mass when compared with mp is in fact so infinitesi- 
mally small that it can be ignored (m}, ~ 0) a new equation can be produced which 
expresses the dependence of-the time of haemolysis on the dose, when the dose is small. 


(6) 


Equation (6) is based on the assumption that the unaffected mass undergoes de- 
composition in the buffer solution at a certain rate k2, while k3 or the rate of destruction 
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of the mass affected by the action of radiation or heat is indefinitely greater. In fact, 
however, the inequality k; > kz is present. Therefore, the mass subjected to the chemical 
action of the buffer solution consists of two distinct parts: 


Menem = Menem + (7) 


where yen (f') is the mass affected by the preliminary action of the physical agent: 
The reduction of this mass can be expressed by an equation similar to equation (4). 


nem = mo (1 — — (8) 


where my (1—e~**”) is the quantity of the mass affected towards the end of the period 
of action of the physical agent. It is equal to the initial mass entering the subsequent 
chemical process. 

The quantity of the affected mass diminishes in the buffer solution down to the 
critical value m., when haemolysis takes place. An equation, therefore, similar to 
equation (5) is obtained: 


nem (ty) = = Mo (1 — e~*”) — (9) 


If we assume, as above, that the critical mass when compared with mp is infinite- 
simally small, it can be ignored (m_, ~ 0) and the following equation is obtained 
which expresses the relationship between the time of haemolysis and the size of the 
dose when the latter is large. 


k,D 
t, (D) ke (l—e “”), (10) 


As the chemical process taking place in the buffer solution and proceeding from 
the periphery towards the centre involves both the affected and unaffected areas of 
the surface layer of the cell, the time of occurrence of haemolysis #,(D) is made up 
of 1, (D) necessary for the decomposition of the unaffected mass and 1; (D) necessary 
for the destruction of the affected mass. We can say therefore that: 


t, (D) = 1, (D) + (D) (11) 


or substituting equations (6) and (10) that: 


(12) 


In case of small doses, when k3 > k2 the second term on the right-hand side of 
the equation can be ignored and we obtain: 


(13) 


where A is a constant. 
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k 


In case of large doses, the parts of the equation containing the factor e~*? can 


be ignored and the following equation results: 


mo 
t, (D)~—=B, (14) 


D 


where B is a constant and D,,,, denotes a certain maximum dose which results in the 
involvement of practically the whole mass of the surface layer of the cell. In accordance 
with this equation it can be stated, therefore, that the time of occurrence of haemolysis 
in the alkaline buffer solution following a preliminary exposure of the blood sample 
to large doses of the physical agent tends to assume a certain (minimal) limited value. 

Equations (13) and (14) can be checked experimentally. The actual values of the 
dose coefficients obtained by means of equation (13) on the strength of the experimental 
data (Fig. 2) are provided in Table 1. 


TABLE |. THE TIMES OF HAEMOLYSIS IN THE ISOTONIC BUFFER SOLUTION OF pH ~ 12-3 


After heating. 


After irradiation 
At 50° At 51° 


Drag 


th (D)temp Dremp th (D)temp Diemp th (Draa) at dose 
(min) (min) Kemp (50°) (min) (min) Kemp 31") (min) rate 

10 kr/min) 

405 0 — 405 0 — 405 0 -~ 

360 5 . 0-023 298 6 0-051 355 l 0-132 
321 10 0-023 233 12 0-046 305 2 0-138 
277 15 = 0-025 212 18 0-035 254 4 0-117 
248 20 0-024 189 24 0-032 181 8 0-101 
164 40 0-022 150 30 0-033 152 12 0-083 
82 80 0-020 89 50 0-030 94 20 0-073 
62 80 0-028 76 32 0-054 


Table 1 shows that the dose coefficient k,,,,, (50°) remained relatively constant 
when the blood was heated at 50° for varying periods of time. It indicates that the 
action of heat of 50° over a period of 80 min was still in the range of small doses embraced 
by equation (13). In case of a stronger thermal agent of 51° and radiation at a dose 
rate of 104 r/min, the coefficients k,,,,, (51°) and k,,, are not constant and tend to 
fall while the dose increases. The steady reduction of the coefficients shows that the 
equation (13) cannot be applied to doses of this magnitude and that the time of 
haemolysis after the sample has been subjected to the action of large doses tends to 
assume a certain constant value as indicated by equation (14). 

The identical shape of the curves representing the relationship between the effect 
and the dose of heat or radiation (Fig. 2, curve 51°) indicates, among other things, 
a certain similarity between the kinetics of the action of heat and radiation on the 
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surface layer of the red cell. Simi arity of the effects of heat and radiation has also 
been demonstrated in the case of simple protein systems [5]. 

In this way the theoretical considerations which lead to equation (12), find their 
confirmation in the experimental data and can be used for the calculation of the dose 
coefficient k,;. As the considerations have been based on the target theory it follows 
that the value of the dose coefficient k,, when radiation is the physical agent in question, 
represents the sensitive volume in the surface layer of the red cell. Equation (12) 
contains three constants, namely A, B and k,. After exclusion of A and B we get: 


(15) 


In order to calculate the dose coefficient k; on the basis of equation (15) three pairs 
of figures are chosen in such a way that a large range of doses is embraced, for instance 
D, = 1 and t,; = 355; D2 = 8 and ft) = 181; D; = 22 and 1; = 86. The first two 
pairs come from Table | and the third from the curve 51° of Fig. 2. The actual value 
of the dose coefficient k,* can be easily calculated by substitution of the figures in 
equation (15). 


ky 133 107Sr>! 


As | r = 1-6 10!2 ionizations in | ml of dry protein the sensitive volume equals 
013310 4 
10712 


~0°83 «107 '7 ml. 


If we assume that the sensitive volume is the same as the volume of the structural 
unit of the surface layer of the red cell (i.e. the molecule of lipoprotein) and if we consider 
that the density of the molecule is approximately 1 we get the molecular weight 


21 «0°83 107! 6 « 1023 5 « 106, 


This compares with the molecular weight of the lipoprotein of human serum: 
1-3 10° [6]. 

In this way, using the target theory for the purposes of elucidation of the relationship 
between the time of haemolysis and the dose, we succeeded in determining the sensitive 
volume and molecular weight of the structural unit of the surface layer of the red cell. 
It has, in this case, been assumed that the structural unit is in fact a molecule of lipo- 
protein. 


SUMMARY 
(1) The action of heat or penetrating radiation on blood results in injury of the 
surface layer of the red cells in accordance with the target theory. 
(2) Chemical decomposition of the surface layer of the red cells which takes place 
in the buffer solution of pH ~ 12-3 is a linear function of time. 


k(D,= D,) 


=X. 


< 2-3 » 0-133. 
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(3) The functional relationship between the time of occurrence of haemolysis in 
the alkaline buffer solution and the dose of radiation delivered to the sample of blood 
indicates the value of the sensitive volume of the structural unit of the surface layer 
of the red cells as — 0-83 107!7 ml. 

(4) If it is considered that the structural unit of the surface layer of the red cell 
consists of a molecule of lipoprotein, the molecular weight of the latter, calculated 
from the sensitive volume is ~ 5x 106. 


In conclusion, I consider it a pleasant duty to express my deep gratitude to the 
director of the Radiobiology Laboratory, Prof. A. M. Kuzin for his constant interest 


and valuable advice. 
Translated by S. W.W. WaYDENFELD 
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DISTRIBUTION OF STRONTIUM-89 AND STRONTIUM-90 
IN THE ORGANS AND EGGS OF HENS* 


L. A. BULDAKOvy, the late D. I. and Iv. 1. MOSKALEV 
(Received 10 January 1959) 


IN view of the need for a medical evaluation of the harmfulness of radioactive radiation, 
the study of the migration of radioactive isotopes along various biological chains has 
become important, particularly for chains terminating in man [1-4]. The end link 
of one of these chains is formed by birds, including hens, which are extensively used 
for human food. Not only the flesh of hens but also their eggs are used as food. 
Therefore, experiments investigating the distribution of 89Sr and Sr in the organs, 
and their concentration in transition into eggs, is of definite interest since in practice 
these are the most important radioactive isotopes. 


* Biofizika 4: No. 6, 738-741, 1959. 
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The aim of this paper is a study of the peculiarities of the distribution of 89Sr and 
%0Sr in the organs and eggs of hens, in conditions of a prolonged period of absorption 
of a mixture of these radioactive isotopes through the gastro-intestinal tract. 


METHOD 


The experiment was carried out on 29 adult hens of various breeds. For 130 days 
(from 1 October to 10 February) the birds were fed on food (oats, barley, bran) con- 
taining an admixture of radioactive isotopes consisting of 89Sr (18 per cent of the total 
activity), 9°°Sr (41 per cent) and 9°Y (41 per cent). The specific radioactivity of the 
food was ~ 0:2 uc/kg. At the beginning of the experiment each hen ingested with 
its food 0-0180 uc of 89Sr+ Sr and 0-0125 uc of 9°Y every day. By the 130th day the 
daily quantity of the ingested Sr decreased to 0-0145 uc as a result of the radioactive 
decay of ®9Sr. After the cessation of radioactive feeding the hens were supplied with 
uncontaminated food. In order to investigate the distribution and accumulation of 
radioactivity in the organs of the hens, they were killed 10, 120, 130, 165, 225 
and 255 days after the start of the experiment (two to six birds at a time). In addition, 
the amount of $-active radioisotopes was determined in the shells, the whites and the 
yolks of the eggs laid by the hens during the experiments. 

Samples for measuring radioactivity by a vertical counter were prepared from 
the ashes of sections of an organ or egg burned in a muffle furnace. The yolk and 
the white of the eggs were burned separately and placed together in the sample. The 
average radiometrical error was ~ 10 per cent. The amount (uc/organ) and con- 
centration (uc/kg) of the total 8-activity of the organs was determined in the experi- 
mental birds. In calculating the volume of radioactivity in the whole skeleton and 
the muscles, the weights of these were assumed to be 10 and 45 per cent of the body 
weight respectively. 
RESULTS 

Table | shows the activity per organ and the specific activity mixture of radioactive 
isotopes in the organs of hens killed at different times after the start of the experiment. 
These data show that the isotope mixture was well absorbed from the gastro-intestinal 
tract. Even 10 days after the start of the experiments measurable amounts of radio- 
activity were found in the organs, in spite of the low rate of ingestion. At that time, 
and during the entire experiment, the largest amount of resorbed radioactivity was 
found in the bones and the muscles. 

On the 10th day of the experiment 0-154 uc was found in the bones, 0-012 uc in 
the muscles, 0-0021 uc in the lungs, 0-00084 uc in the liver and 0-00045 uc in the kidneys. 
After 130 days the comparable figures were: 0-42, 0-0029, 0-0001, 0-0003 and 0-0001 wc. 
After the hens ceased to be fed on radioactive food the volume of radioactivity in the 
bones of the birds began to fall gradually. In 125 days it decreased from 0-442 to 0-173 wc. 

During the entire experiment the radioactivity of the bones and muscles was 
98-2-99-8 per cent of the total body radioactivity and the share of the bones was 
91-0-99-2 per cent, while the share of the muscles was 0-7-7-2 per cent. 
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TABLE |. VOLUME (uc/ORGAN) AND CONCENTRATION (c/kg) OF RADIOACTIVE ISOTOPES IN THE ORGANS 
AND EGGS OF HENS AT DIFFERENT STAGES OF THE EXPERIMENT 


Experimental conditions October January February March 


Duration of feeding with radio- 
active food (days) 
Day of killing after the cessation 
of radioactive feeding 
Number of killed hens in batch 
Weight of hens (kg) 1-03 1-30 1-40 
Activily per organ (uc/organ) 
Bones 0-154 | 0-287 | 0-442 0-264 0-173 
Muscles 0-012 0-0036 0-0029 0:0029 0:00800 
Liver 0-00084 0:00034 | 0-00030 0-00027 | 0:00063 
Kidneys 0-00045 | 0-00007 | 0-00010 0:00014 0-00007 
Pancreas 0:00006 000008 — 0: 000005  0:00003 
Lungs 0-00210 | 0:00052 | 0-00100 | 0:  0:00040  0-0004 
Heart —  0:00002 0-00019 | 0:  0:00004 
Eggs: (a) shell 0-023 
(b) yolk - . 0-:00058 | 
(c) white — 0-00020 


Specific activity (uc/kg) 
Bones 1-205 2:3000 | 3-2500 . 1-958 1-0175 


| 


Muscles 00265 | 0-:0061 00046 | 0 00047 —-0-0104 
Liver 00218  0:0073  0-0070 00060  0-0140 
Kidneys 00457 | 0:0073 | 0:0067 0: 00096 
Pancreas 0-0367 0:0192 | | 0-0310 0-0220 
Lungs 0-1670 | 00470 0-:0980  0-:0440  0-:0410 | 0-0410 
Eggs: (a) shell 2-7400 5-8000 4:2800 1-8080 

(b) yolk 00353 00370 | 00305  0-0122 

(c) white 00073 00130 | 0-0093 | 00034 


Table 1 shows that the distribution of the radioactive isotopes is not even. The 
highest concentration (in uc/kg) was found in the bones. This was 100-500 times 
higher than in the muscles, liver, kidneys or pancreas, and 10-50 times higher than 
in the lungs. Of the data of Table 1, attention is drawn to the fact that a large pro- 
portion of radioactivity in the hen’s organs is transferred to the eggs. For 35-90 days 
after stopping the supply of radioactive food the eggs contained about 10 per cent, 
and after 125 days about 5 per cent, of the total radioactivity of the organs. The largest 
share of this radioactivity was found in the egg shell. At 35 days after stopping radio- 
active food the egg shells contained 0-003 uc, the yolk 000070 uc and the white 
0-00026 uc. At that time, and later too, the shell contained 100 times more radio- 
activity than the albumin and 40 times more than the yolk. 

Even greater differences were found when the concentration in the different parts 
of the egg was compared. The concentration of radioactivity in the shell was found 
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to be 460 times higher than in the white and 150 times higher than in the yolk. It is 
interesting to note that the concentration in the egg shell was 1-8 to 2-9 times higher 
than in the bones of the hen. 


The investigated data show that a considerable part of radioactive strontium (up 
to 10 per cent) from the bones passes into the egg shell, and indicate a fairly high mineral 
metabolism in sexually mature, egg-laying hens. It is obvious that the amount of 
8°Sr and %Sr in the bones of hens can be judged by the radioactivity of the egg shell. 


The results obtained from the experiment on the accumulation and excretion of 
‘9Sr and %Sr in the bones of hens under conditions of a long period of ingestion of 
these isotopes via the gastro-intestinal tract are adequately expressed by the equation 
fu 


1 


0, + {1 + 


where Q, is the bone radioactivity at the moment 2; Q,, and Q,, the bone radio- 
activity from 89Sr and 9 Sr respectively at the moment f,; g; and g2 the amount of 
radioactive 9°Sr and ®89Sr entering the hen’s stomach in a day; A; and A2 the constants 
of effective excretion of 89Sr and 9°Sr from the bones; and f the proportion of the sub- 
stance which is deposited in the bones after oral introduction of strontium. The value 
of f proved to be 0-15+0-03. 


The first two terms of (1) show the changes in the ®9Sr activity, the third and fourth 
terms show that of 9°Sr and its derivative 9°Y which is in a state of equilibrium with 
Sr. The first and third terms of (1) show the changes in the activity, in the period 
ty — t,, of substances present in the organ at the moment ¢;. The second and fourth 
terms show the accumulation of activity in the organ in the period ft, — f, in conditions 
of a regular supply of radioisotopes to the stomach. As, after the 130th day, the hens 
no longer received radioactive food, equation (1) then assumes the form: 


Q, = 1 20) 39 (2) 


From Table | and the decay curves of the radioisotopes (2) we found the constant 
effective excretion (A.,) of 89Sr and 9Sr from the bones. Calculations showed that 
for 89Sr it was 0-018 and for 9°Sr it was 0-0048, and the periods of effective half-excretion 
were 39 and 144 days respectively. 


The estimation of the amounts of 89Sr and 9 Sr in the bones and soft tissues in 
strontium units (s.u.) was of interest (Table 2). The highest strontium concentration 
(uc/g) in calcium was found in the white of egg (up to 107,000 s.u.), and the smallest 
in the egg shell (from 19,300 to 6900 s.u.) and hen bones (from 10,500 to 5250 s.u.). 
In the egg shell and the hen bones the Sr content (in s.u.) was virtually the same, and 
in the soft tissues it was the same (from 10,000 to 71,000 s.u.) as in the yolks (from 
12,000 to 34,000 s.u.). The relatively higher Sr content per gram of calcium in the yolk 


a 
4 
v @ 
A 
| 
| 
| 
| 
| 


101 


Distribution of strontium-89 and strontium-90 in hens 


and white of egg and in the soft tissues, as compared with the bones and egg shells, 
is evidence of speedier regeneration and greater mineral metabolism in the soft tissue. 


TABLE 2. AMOUNTS OF RADIOACTIVITY IN THE ORGANS OF HENS AND IN EGGS, 
IN STRONTIUM UNITS (c/g CALCIUM) 
| 
Number of days after | 
cessation of radioactive | 0 35 90 126 
addition to feed 


Bones 10,500 | 8050 6100 5250 


Soft tissues 71,000 35,000 ~—15,300 10,000 
Eggs: shell 19,300 | 12,900 | 8600 | 5900 
yolk 34,000 24,000 17,000 12,000 
white | 107,000 77,000 | 53,000 | 33,000 


In conclusion it should be pointed out that, in the formative period of the egg. 
mineral substances such as Ca and Sr enter the shell not from the Ca in the food, but 
from that in the bones. Evidence of this is the equal Sr content (in s.u.) in the bones 
and the eggs of hens (Table 2). A direct comparison of the radioactive strontium and 
calcium content in the shell and the bones leads to the same conclusion. In the skeleton 
of a hen weighing 1-5 kg there is about 39-0 g (260 g/kg) of Ca, and in the shell of an 
egg (average weight 5-28 g) 2-1 g of Ca. It follows that an egg shell contains an average 
of 5-4 per cent of the Ca found in the bones. If the Ca of the shell really comes from 
the bones, its Sr content should be the same, and in our experimental conditions it 
could only come into the shell from the bones. Experimental data which show that 
the egg shell contains 5-10 per cent of the 89Sr and 9Sr contained in the bones fit 
in with this assumption. 


CONCLUSIONS 


(1) During prolonged administration of a mixture of radioactive isotopes (89Sr 
and Sr) through the gastro-intestinal tract the greatest amount of radioactivity is 
found in the bones and muscles of the hens. The radioactivity of the bones and muscles 
constitutes 98-2-99-8 per cent of the total radioactivity of the organs. The concentration 
of radioactivity in the bones is 100-500 times higher than in the muscles, liver, kidneys 
or pancreas, and 10-50 times higher than in the lungs. 

(2) The effective period of half-elimination of 89Sr from the bones is 39 days and 
of Sr is 144 days. 

(3) Hens’ eggs contain 5-10 per cent of the total radioactivity of the organs. The 
main proportion of radioactivity is in the shell where its concentration is 460 times 
greater than in the white and 150 times greater than in the yolk. During the formative 
process of the egg Ca enters the shell not from the Ca in the food but from the bones. 


Translated by E. L. PARKS 
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METHODS AND INSTRUMENTS 


USE OF AN ELECTRONIC DIFFERENTIATING DEVICE 
IN PHYSIOLOGICAL STUDIES * 


E. B. BABskil, V. L. KARPMAN, G. M. PETROV and A. 1. SKACHKOVA 


Institute of Normal and Pathological Physiology, Academy of Medical Sciences of the U.S.S.R., Moscow 


(Received 15 January 1959) 


One of the outstanding achievements of modern science and engineering is the deve- 
lopment of the principles and methods of electronic simulation of various processes 
and the construction of automatic computers. These have found such wide application 
in various fields of knowledge that it is quite certain that they will find employment 
in physiology too. In particular, there is every justification and opportunity for applying 
in physiological studies automatic electronic differentiating devices which permit 
the synchronous registration of the value under investigation and its derivatives with 
respect to time. Such a method of study may have considerable value for solving 
many questions of the physiology of the respiratory apparatus and of the blood cir- 
culation. 

In this paper we describe the construction of a special differentiating unit and 
indicate a few of its possible applications for physiological purposes. 


1. TECHNICAL CHARACTERISTICS OF THE DIFFERENTIATING UNIT 
With the differentiating unit we can obtain and record simultaneously on an oscillo- 
graph the main process under investigation and the first derivative, second derivative 
and integral curve of the value X (t) applied to the input. The value X (t) can be taken 
from the output of any instrument and thus we can express any particular physiological 
process (by means of a special converter) in the form of a d.c. voltage varying with time. 


* Biofizika 4: No. 6, 743-749, 1959. 
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The construction of the differentiating unit for.physiological studies is based on 
the so-called d.c. operational amplifiers, which are widely employed in electronic 
analogue devices. Operational amplifiers are designed for carrying out a number 
of mathematical operations, including differentiation and integration. Fig. 1. shows 


Fic. 1. Block diagram of d.c. operational amplifier. 


a block diagram of a d.c. operational amplifier. The main elements of the operational 
amplifier are a three-stage d.c. amplifier with a large negative amplification factor 
(about 100,000) (Fig. 2) and feedback coupling. According to the working theory 
of the operational amplifier [1, 2] the voltage on the grid of the d.c. amplifier (point A 
in Fig. 1) is a value close to zero, and as a result we can with sufficient accuracy describe 
the circuit shown in Fig. 1 by a system of differential equations written in operator 
form: 


The solution of this system of equations is the expression: 


y-—y 22) 
Zi (Pp) 


Depending on the nature of the resistances at the input, Z;, and in the feedback 
circuit, Z>, the circuit shown in Fig. 1 can perform the following different mathematical 
operations: 

(1) if Z;(p) and Z,(p) are ohmic resistances R; and R> incorporated in the circuit, 
then the operation of multiplication by a constant is performed. In this particular 
case: 


(2) 


Y(t) =— X(t) (3) 


When Z;(p) = Z2(p) = R the operational amplifier performs multiplication by 
—1. In this case 


Y(t) 
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(2) when Z;(p) = R, and Z2(p) = pC, i.e. if a condenser is incorporated in the 
feedback coupling of the amplifier, then 


t 


X(t) dt+ Up (4) 
0 


(3) when Z;(p) = pC, and Z2(p) = R, i.e. if the condenser is connected at the 
input of the amplifier, then 


dx (t) 


Y(t) = —RC 
(1) 


(5) 


Grid 

+75*01V 

+ 350% DIV 

Through resistance 

po- 30-(6 - ID k2:/0% tor + 
Output 350+ 5V 


Eorth 


~190*01\) 

~350 01\/ 

Through potentiometer 
Earth 


N= 


To earth at power supply 


Fic. 2. Diagram of three-stage d.c. amplifier UPT-4A. 


The basic electrical circuit of the differentiating unit is shown in Fig. 3. Four 
operational amplifiers Y;, Y>, Y; and Y4 are included in the circuit of the unit. The 
input value X(t) is applied to the input of the operational amplifier Y,, forming the 
amplification link. A resistance R; = 100 kQ is connected at the amplifier input, 
and the feedback circuit incorporates a resistance R>, the value of which can be varied 
between 100 kQ and | MQ in 100 kQ steps. Thus, at the output of the first amplifier 
we have a voltage Y; = — K, X (1), of opposite sign to the input voltage, and amplified 
K,; times. For the parameters adopted in the circuit, K, = (R2/R;) varies between 
| and 10. The output of amplifier Y; is connected to the input of the operational 
amplifier Y>, the circuit of which is the actual differentiating network. For this purpose 
a small resistance is connected in series with the condenser at the input of amplifier Y>. 
Some smoothing of the output voltage takes place at the same time as the differen- 
tiation. 
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The output voltage of amplifier Y> is a value proportional to the first derivative 
dx (t) 

The values of the parameters in the circuit are chosen so that R3 C; can be varied 

at will from 0-2 to 1-0 sec by 0-2 sec steps, or from 0-02 to 0-10 sec by 0-02 sec steps. 


- where K> = R; 


Loop 
oscillograph 


2, 
ZI Mode | 
Mode 


Fic. 3. Basic diagram of differentiating unit. 


The resistance Ry connected in series with the condenser C; creates an additional 
time constant Ry C,, which does not exceed 0-01 sec. From the output of amplifier Y> 
the voltage passes to the input of the inverting amplifier Y3, the output voltage of 
which will be determined by the expression 


The operational amplifier Y4 can operate in two modes: as a differentiator (mode I) 
and as an integrator (mode II). 

In mode I the output of amplifier Y3 is connected to the input of the differentiating 
amplifier Y4. In this case its output voltage is determined by the expression Y4 = 
dx (t) 

dt? 
amplifier 4 are chosen so that the value of the factor Ry Cs can be varied from 0-2 
to 1 sec by 0-2 sec steps, or from 0-02 to 0-1 sec by 0-02 sec steps. 

In mode II the output of amplifier Y; is connected to the input of the integrating 
amplifier Y4. In this case the output voltage is equal to Y4= Kyf X(t)+ dt, where 
Ky = K,/(Rs5 C3). 

Thus, the instrument enables us to obtain the following functions of the input 
value X (fr): 

(1) the first and second derivatives (in mode 1); 

(2) the first derivative and integral curve (in mode II): 

The scale of output values of the operational amplifiers lies in the range —100 V 
to +100 V. A trace of the output values can be recorded by means of loop oscillo- 


K; where K; = K2 Rs C>. The values of the parameters of the operational 


dx (1) 
Y3 = K> . 
— 
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graphs. In addition, the output values can be observed on the screen of cathode-ray 
tubes which possess a screen with a long afterglow. 

For supplying the d.c. amplifiers the unit contains highly-stabilized power supplies 
of voltage +350 V, 75 V, —350 V, —190 V, of sufficient power to feed the four 
amplifiers, and non-stabilized 6-3 V filament d.c. voltage sources. 

The circuit of the differentiating unit and the power supply circuits are combined 
in one chassis. 

The method of operating the instrument is not complicated and consists in the 
following. The instrument is connected up to the mains supply of ~ 127 or ~ 220 V 
through a ferroresonant stabilizer. After pre-heating for 10 min the operation of the 
stabilized voltage supplies and the d.c. amplifiers becomes constant. The output 
voltage of the amplifiers is set at “zero”. Then the voltage taken from the output 
terminals of the instrument recording the physiological process under investigation 
is applied to the input terminals of the differentiating unit, and the required mode 
of operation is selected. The values of the coefficients K,, K2, K; and K, are chosen 
so that the output scale of the amplifiers is used to the fullest extent. According to 
the type of loop employed for registering the physiological processes, we select the 
series-connected resistance by using the available variable resistances in the instrument. 
After this the loop readings are calibrated, i.e. the scale of the traces M,, Mo, M3 
and M, is determined in V/mm. When all this preliminary procedure has been carried 
out the instrument switch is set at “on” and the tracing of the investigated processes 
is made. 

The results of the recording are interpreted in accordance with the following 
relations: 


Mya, 
K, 

M a> 
v/sec 
M;a; 

= K; v/sec? 


Maga 
X(t))hat= v/sec 
4 


where a is the magnitude of the travelling ordinate in mm, and M is the scale factor. 


2. SOME ASPECTS OF APPLICATION OF THE DIFFERENTIATING UNIT IN PHYSIOLOGY 


The automatic electronic differentiating device can be of immediate practical 
application in the study of rapidly changing cyclic physiological processes. In this 
case the first derivative characterizes the rate of change of the particular process, 
and the second derivative gives its acceleration. In this way we can obtain the informat- 
ion necessary for a fuller analysis of the event under investigation. In the first instance 
we might point out the advantage of employing the differentiating unit in the analysis 
of locomotory acts, particularly those like walking and running. Here, by using the 
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formulae given above, we can express the changes in velocity and acceleration in 
absolute values, which is of great importance for any physiological or clinical investi- 
gation. 


| Ussec 
OSsec 
4 
8 
A 
A 
Inhalation Exhalation 


Fic. 4. Explanation in text. Fic. 5. Explanation in text. 


Fig. 4 shows traces of the variation of the interlinking knee angle (A) and the first 
derivative, i.e. the velocity of this variation (B), during walking. The curves were 
traced during the period of two full paces of the subject. As the figure reveals, the 
curve of velocity variation has a more complex character than the curve of the angular 


A(t) 
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OS sec 


Fic. 6. Explanation in text. 


displacement of the tibia relative to the femur. The velocity of this process grows 
rapidly in the first moment of flexing of the leg in the knee joint, then falls steeply 
and takes a negative value at the start of unflexing the joint and again grows in the 
final moment of the unflexing movement before the particular limb becomes the 
supporting one. It appears that the variations in the velocity of the flexing and unflexing 
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movements of the knee joint during walking reflect to a considerably greater extent 
the coordinational structure of the locomotory act (i.e. the incorporation of flexing 
and unflexing musculature into it), than the simple trace of the displacement of the 
tibia relative to the femur. 


A 


OS sec 
— 


Fic. 7. A. Explanation in text.. B. Explanation in text. 


The differentiating unit can also be applied to the analysis of respiratory movements. 
As an illustration we show in Fig. 5 the curve of movement of the thoracic cage during 
the respiratory cycle (A) and the curve of variation of the velocity of this movement (B). 
The speed increases sharply at the very onset of inhalation and then, approximately 
in mid-inhalation, falls steeply. During exhalation one distinct negative variation 
of velocity is noted. 

A trace of the first and second derivatives can be used for the study of heart action 
and the movement of blood in the vessels. Such investigations have become fairly 
widespread in recent years in the tracing of ballistocardiograms, i.e. curves showing 
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the body displacements due to the mechanical forces developed by the heart in delivering 
blood to the vascular system. For registering the velocity and acceleration of these 
body displacements use is made of special types of pick-up (for instance electromagnetic 
ones for tracing the velocity ballistocardiogram) or relatively simple electronic differen- 
tiating circuits [3-5]. 

The results available in the literature indicate that ballistocardiographic traces 
of the velocity and acceleration are of more value and give a better picture of the dyna- 
mics of the slight changes of state of the circulatory system, than ballistocardiographic 
registration of body displacements. Fig. 6 shows displacement, velocity and acceleration 
ballistocardiograms obtained with the employing of the differentiating unit described 


O5sec 


Fic. 8. Explanation in text. 


Recording of the first and second derivatives can also be employed in other methods 
of investigating the state of the cardiovascular system. This type of registration gives 
a greater number of test indices characterizing the particular physiological process 
and, in our opinion, is capable of revealing changes in heart activity and vascular 
circulation, which are not easily detected by the methods usually employed. In parti- 
cular, registration of the velocity and acceleration of the pulse wave growth in any 
section of the vascular system can be a valuable supplement to the method of sphygmo- 
graphy. The importance of this index was recognized long ago, since even in ancient 
times doctors distinguished a swift and slow pulse — pulsus celer et tardus — as special 
clinical varieties of arterial pulsation. Curves illustrating the pulse wave derivatives, 
registered by means of the differentiating unit (Fig. 7), permit an accurate determination 
of the absolute value of the velocity and acceleration at any instant of the pulse fluctu- 
ation. As we see from Fig. 7 A, which shows traces made with a faster travel of the 
photographic paper, the velocity of growth of the pulse wave during the anacrotic 
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rise (/—2) increases sharply at first, and then falls to a zero value. During the catacrotic 
descent (2-3) a negative variation of speed is noted. 

Using a differentiating unit, we also recorded the first and second derivatives of 
a dynamocardiogram. As was shown earlier, dynamocardiography registers mainly 
the changes in position of the centre of gravity of the thoracic cage, these changes 
being due to the kinematics of the heart and the movement of blood in the large vessels. 
The figure of the standard dynamocardiogram is fairly complex; the curve has many 
bends, teeth and breaks. Dynamocardiograms of the velocity and acceleration (Fig. 8), 
especially the former, bring out clearly all these peculiarities of the usual displacement 
dynamocardiograms. Besides this, registration of the velocity and acceleration of 
the displacement of the centre of gravity of the thoracic cage, which occurs during 
every cycle of the heart, ought to provide new quantitative characteristics of the work 
of the heart. 

Figures of the velocity and acceleration curves of various physiological processes 
bring out the very slight changes in the course of the recorded phenomenon. Hence 
these curves can contribute a great deal to revealing those features of a physiological 
process which are not detected by the usual methods of tracing. Although at present 
we have only a little experience in the use of the differentiating unit we nevertheless 
feel justified in pointing out that the velocity and acceleration curves of vascular 
pulsations and of the displacement of the centre of gravity of the thoracic cage can 
be useful in the study of the pathology of circulation, and possibly for diagnostic 
purposes as well. There is no doubt that the recording of such physical values as 


velocity and acceleration by means of an automatic electronic differentiating unit 
gives us much greater opportunity for the analysis of physiological processes. 


Translated by F. L. SINCLAIR 
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INTERFERENCE METHODS OF MEASURING 
THE REFRACTIVE INDEX OF A LIQUID* 


V. G. KHOMAZIUK 


Faculty of Soil Biology, Lomonosov State University, Moscow 


(Received 24 April 1958) 


METHODs of measuring refractive indices have an important place amongst methods 
of studying materials. The refractive index can indicate the purity of a substance or 
the concentration of a mixture, and can be used to identify the substance, or even 
to determine its structural formula [1, 2]. Refractive indices can be measured to 1 part 
in 104-105 with an Abbé or Pulfrich refractometer; interference methods can increase 
the accuracy considerably. A portable Rayleigh interferometer can be used to measure 
refractive index differences of 41077 in liquids [3]. All such instruments only work 
in the visible region, though, because they depend on visual observations. 


The uses of the method would be much extended if measurements could be made 
in the ultra-violet region. This region would be of especial value for use with com- 
pounds that have no absorption bands in the visible and ultra-violet regions, and that 
therefore cannot be examined in absorption. The refractive index is then almost the 
sole remaining optical parameter. Obreimov [4] has used Fresnel diffraction to measure 
refractive indices in the ultra-violet. In this method the refractive index can be measured 
in any spectral region that can be photographed from the diffraction spots on the 
spectrogram; differences of 2 10~5-4x 107° are detectable. The method demands 
a standard quartz plate, a monochromator, and a good goniometer, so it is unsuitable 
for use in most laboratories. I have developed a method which demands (in addition 
to the spectrograph) only a normal laboratory refractometer. No monochromator, 
goniometer, or standard plate is needed. This method is described here. 


THEORY 


Interference methods form the most exact way of measuring refractive indices 
[5-9], but it is often rather troublesome to bring about interference; delicate apparatus 
and elaborate techniques are used on occasion [7-9]. In one method a Fresnel biprism 
is used (vertical angle nearly 180°); these prisms are troublesome to make. Landsberg 
[7] gives an ingenious method of overcoming this difficulty; the prism is made to 
have an angle of 170° and is arranged as in Fig. 1, with the flat side outwards. The 
cell is filled with a liquid (say benzene, of refractive index 1-50); if the glass has a refrac- 
tive index of 1-52, the combination is equivalent to a prism of angle 179°44’. It is still 


* Biofizika 4: No. 6, 749-754, 1959. 
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difficult to use this biprism for refractive index measurements, and, so far as I am 
aware, no-one has yet used it in this way. 

I have proposed another method [10], in which the biprism has an angle of 170° 
(other angles can be used); this prism is put within 5 mm or less of the slit, and not 
at 400-800 mm, as is usual with prisms whose angles are about 180°. This method 


Fic. 1. Composite biprism. 


has many advantages over Fresnel’s, which was proposed 140 years ago [9]; these 
are that the interference bands can be made of any width, that wider beams can be 
used to give 20-30 bands of good visibility, that the 170° prism is much easier to make 
than a 180° one, and that the refractive index of a transparent substance can be measured 
accurately to 2 10~5-6x 107° [11]. 


FiG. 2. Positions of components. A is an SVDSh-25P arc, B is a lens (Focal length 
150 mm), C is a slit, D is the biprism, E isa screen or the slit of the spectrograph. 
AB = BC = 300 mm, CD = 1-5 mm (or less), DE = 400 mm. 


Fig. 2 shows how the components are placed. The light falls on the slit of the ISP-22 
spectrograph and gives the pattern seen in Fig. 3a. The central line is that for which 
the path difference is zero (zero-order line)*. The zero-order line is detected by putting 
across the slit of the spectrograph a fibre (we used wire 0-015 mm thick) whose position 
is made to coincide with the central band by adjusting slit C and prism D. The image 
of the fibre is seen as a dark line along the central light band. The bands of other orders 
lie above and below that band. 


* The optical path length of a ray in a medium of refractive index n is nd, where d is the geo- 


metrical path length. 
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If, for example, the refractive index of fused quartz is to be measured, the plate 
is placed in the path of one of the rays; the effect of doing this is seen in Fig. 3d. 
The refractive index is calculated from the wavelengths and orders of the bands: 


(n-1) d = Nd 


whence 
n = 


where N is order and A is wavelength (the refractive index of air is taken as unity). 


2994.44 3O9/.6A 


a if i 
Fic. 3. Interference bands in the focal plane of the spectrograph. (a) no specimen; (b) quartz plate 
0-6 mm thick in one beam. 


It is usually assumed that the error AN in measuring N is 0-01-0-02 bands; if we 
assume that An (the error in n) depends on AN only (any error in d is the same for all 


(1) 
(2) 
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bands, while the error in ) is negligible, being only 0-01 A), we have, for 4 = 5000 A 
and d = 1 mn, that 


(n+-An — 1) d = (N+AN)A, 
(n — 1)d+d An = NA+AAN. 


This, with (1), gives us that 


0-02 x 5x 
An = (A/d)AN = = 10-5 (3) 


At 3000 A we have An = 61076. The errors are halved if AN = 0-01. 

A cell filled with the liquid might be used in the same way as the quartz plate, 
but it is not possible to make a cell that gives a flat interface between the liquid and 
the air, so a quartz (or glass) plate is inserted in the liquid; then one ray passes through 
the liquid only, while the other passes through the liquid and plate. The refractive 
index n, of the liquid is given by 


— d = Nd (4) 


n= 


where 2 is the refractive index of the plate. Then (5) gives us that 


An, = Any+(A/d) AN 


which for 4 = 5000 A, d=0-1 cm and An; = 107-5 implies that An, = 2x 1075, 
which is an error twice that for a solid. This shows that it would be highly desirable 
to have a cell giving a flat interface between air and liquid. We have designed a cell 
to do this which also enables one to measure the refractive index of a plate to a very 
high degree of accuracy. This cell is described below. 


CELL FOR INTERFERENCE MEASUREMENTS 


Fig. 4 shows the cell, which consists of (a) two plane-parallel plates of the same 
thickness made of the same material (glass or fused quartz), (b) plane-parallel sides, 
(c) space for liquid, and (d) a cylinder with plane-parallel ends. This cylinder is fixed 
at one end to one plate b, and at the other to an exactly similar plate e. The cylinder 
is connected via a tap to a source of dry air (or other gas), which provides a pressure 
of 760 mm or any other pressure, which is measured. Plates a, b and e must be made 
of fused quartz for work in the ultraviolet region. 

The two plates a are cut from a single plane-parallel plate; the edges are ground 
to be at right angles to the faces. These plates may be 7 x 10 mm and 0-5-1 mm thick. 

The cell is put into the rays in such a way that one ray passes through the upper 
plate and one through the lower. The only cause of path difference between the rays 
is then that the top ray passes through an extra layer of liquid (thickness d), while 
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the lower passes through an equal thickness of air. The two plates a compensate one 
another exactly. Then m, is given by 


(ny —1)d = Nid (6) 


n, = 1+-Na/d (7) 


c 
6 


Fic. 4. The interference cell (see text). 


Equation (7) does not contain the refractive index of the plate, and d can be 
measured very accurately on the cell itself. This measurement is described below. 


MEASURING THE THICKNESS OF TRANSPARENT PLANE-PARALLEL PLATE 


The thickness of two identical plane-parallel quartz plates may be measured as 
follows. One plate is put inside the cell, while the other is put in space d, as shown 
in Fig. 4. The cell is filled with distilled water at 20°C and the spectrum is photographed. 
Then the bands between two set wavelengths (e.g. 24; = 6562:78 A and 42 = 2573-04 A) 
are counted; we suppose that this number is AN , which corresponds to the unknown 
thickness d. The refractive index of distilled water at 20°C is known accurately [12] 
for many wavelengths, so the number of bands falling within the above wavelength 
range for a layer 1 mm thick can be calculated from (6). Now (6) gives us 


(1-33115 — 1)x 1 = 6562-78 x 1077 N, (8) 
(1-37350 — 1)x 1 = 2573-04 « 1077 N> (9) 
The difference N,— N; is then the number of bands AN between those wavelengths: 


AN un = No — Ni = 1451-59 — 504-59 = 947-00 
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Hence 
d = AN4g/ANi mm (10) 


If now we assume that the error of measurement is 0-02 bands, we have the error in 


the thickness as 
Ad = 20-02/947 ~ 107-5 mm (11) 


This gives us the d needed for measurements on liquids with the cell of Fig. 4. 
To use (7) we also need to know the order of the interference at some one wavelength. 
The next section deals with this. 


MEASURING THE ORDERS OF THE INTERFERENCE BANDS 


If the order is known for one wavelength, all other orders are, in principle, known. 
The order of some one band can be found if the refractive index for one wavelength 
is known. The procedure is as for the calculations of N; and N> in (8) and (9). Very 
often, however, the refractive index is not known for any wavelength. In this case 
it must first be measured on some less accurate instrument (e.g. with a refractometer) 
to an accuracy sufficient to determine the order to one third. Then the corresponding 
band can be picked out on the spectrogram. Say, for example, we have a | mm layer 
and we allow AN = 0-34 for 5893 A (the sodium lines); then (6) gives us the permissible 


error in 7: 


0-34 x 5893 x 1077 
An = = ~2x10~4 (12) 


Larger refractometer errors are permissible if we use layers thinner than | mm. 
We have used a thickness of 0-6 mm, so errors of up to 3-3 x 10~4 are permissible in 
the refractometer measurements. Many refractometers can provide the above degree 
of accuracy; we have used an IRF-22, which can be read to 1-2 x 10~4 and reads for 
the sodium line when daylight is used. 

This method cannot be used if the refractive index of the substance falls outside 
the range that can be measured with the refractometer. However, I have developed 
a general method suitable for use in such cases [13], in which a set of plates (1-000, 
0-999, 0-990 and 0-900 mm) is used; a refractometer is not needed at all here. 


SUMMARY 


The interference methods described above can be used to detect very small changes 
in refractive index, to establish compositions (say of binary mixtures) to 2-6-4 per cent 
[4], to follow the course of reactions, to detect minute traces of compounds (produced, 
say, by radiation), to follow metabolic processes of simple organisms, and so on. 

It would be of great interest to use this method to detect the transfer of sodium 
and potassium in nerve fibres (interference methods have been used to detect the volume 
changes already [14)). 

Interference methods are very accurate and should be more widely used in biology, 
medicine, physics, and chemistry. They would no doubt provide many new and valuable 


results. Translated by J. E. S. BRADLEY 
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AN ANALOGY IN THE STRUCTURE OF THE WINGTIPS 


THE study of bird flight has been of great help to aeroplane constructors and aerody- 
namists. Yet even today the principles of bird flight have not been embodied in a 
machine with flapping wings, although the construction of such a machine promises 
many economic advantages over existing flying mechanisms. Hence all analogies 
between the structure of a bird’s wing and an aeroplane are of interest. One of these 
analogies is that between certain general features in the structure of the wing tip of 
soaring birds of the Accipitridae family and certain aeroplane devices. 


tip and also because of the fan-like spreading of these feathers from the wrist-bones, 


Analogy in wingtips of soaring birds and the aeroplane 
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OF SOARING BIRDS AND THE AEROPLANE* 
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Owing to the narrowing of the ends of the primary wing feathers forming the wing 


* Biofizika 4: No. 6, 755-756, 1959. 
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the wing tip appears split or slotted (Fig. 1). In soaring, the air pressure from below 
bends upwards and twists around their long axis the feathers of the large fan formed 
by the finger-like wing feathers, which stand out from the compact section of the wing. 
The effect of each primary feather turning about its long axis, owing to the pressure 


Fic. 1. 


of the air-stream, is similar to the effect of the tip sailing ailerons of an aeroplane. 
The latter are terminal sections of the aeroplane wings which turn on an axis (Fig. 2), 
and which become automatically set in a direction related to the air-stream in which 


they are situated. 
0, 


Fic. 2. 


In these aeroplanes the pilot obtains transverse control by changing the angle 
between the ailerons. The tip sailing ailerons, unlike other types of ailerons, work 
at considerably greater angles of attack (the angle between the chord of an airfoil 
and the direction of flight). The soaring bird, by slightly bending or unbending the 
wrist section of one wing, alters the angle of attack of the individual primary feathers 
and of the entire slotted tip of this wing, as compared with the other and thus carries 
out transverse control of flight. The principle of the action of the aeroplane ailerons 
lies in the altered lift of one wing compared with the other, as a result of which there 
is a list that causes a rotation of the wing and a turn. In the birds of the Accipitridae 
family, the slotted wing tip increases the lift and, acting like an aileron, increases its 
role in transverse control of the bird’s flight. We should point out that, according 
to our data, soaring birds of the Accipitridae family that have greater slotting of the 
wing tip have the tail relatively shortened, evidently owing to the rudder function 
being transferred from the tail to the wing tip. 

The span of the tip sailing aileron is about 15 per cent of the half-span of the wing 
[1]. In the Accipitridae (eagles and hawks), which fly by soaring, the slotted wing 
tip, according to our data, is 18-20 per cent of the half-span of the wings or 14-16 per 
cent of the length of the wing (from base to tip). Hence, the relative length of the slotted 
part of the wing in these birds is almost the same as or slightly greater than the span 
of the tip sailing aileron. In birds, however, the slotted part of the wing fulfils two 
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functions simultaneously: it serves as a rudder and it increases the lifting power of 
the wing. The second function performed by the slotted wing tip of birds — increase 
of the lift — is similar to the function of a multi-slotted wing tip (Fig. 3) with great 
lifting power, as proposed by Academician S. A. Chaplygin. In the fully spread wing 
of soaring birds of the Accipitridae family when in flight, the fan-like primary feathers 
under pressure of the air twist around their axis and occupy positions relative to each 
other such that they resemble, in cross section, the multi-slotted aeroplane wing. 
The increased lift of the bird’s wing by means of the slotted tip has been proved in 
experiments [1]. Thus, the slotted wing tip of birds in the fully-extended wing increases 
the lift, while the position of the individual wing feathers of the wing tip approaches 
the neutral gliding angle of a tip-sailing aileron when the latter is fixed in a direction 
relative to the air stream. When the wrist is bent, the slotted character of the wing 
tip is diminished, the angle of attack of the individual wing feathers is altered, the lift 
of the wing decreases and a list occurs, which turns the bird. 


In modern aerotechnique, almost no use is made of tip sailing ailerons or multi- 
slotted wings. Tip “sailing ailerons” are effective up to angles of attack greater than 
the critical angle, something that other types of aileron cannot ensure. The considerably 
increased drag, however, and the appearance of perturbations limit the application 
of this type of transverse control [2]. 

The multi-slotted wing makes it possible to raise the critical angle of attack and, 
correspondingly, the lift. Owing, however, to the drag of a multi-slotted wing being 
considerably greater than that of a simple unslotted wing, and in view of constructional 
complications, it has not found any wide application in aviation. 

Soaring birds have no great speed when soaring. In this case the head resistance 
of the wing tip is not great and the most favourable conditions exist for its use as 
a rudder control and for increasing the lift. 

The slotted wing tip of birds also increases the lift when the bird takes flight and 
when it lands, but this occurs in flapping flight, which has not as yet been mastered 
in aeroplane construction. The creation of a flying machine with flapping wings and 
a low speed of flight will enable it to make use of the avian slotted wing tip to increase 
the lift and control the flight. 


CONCLUSIONS 
(1) During soaring flight, the wing tip of birds of the Accipitridae family becomes 


slotted and fulfils two functions. 
(2) Each primary feather of the slotted wing tip acts as a rudder for transverse 
control, similar to the action of the tip sailing aileron of an aeroplane. 
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(3) The slotted wing tip in soaring resembles a multi-slotted wing of an aeroplane 


and serves to increase the lift. 
Translated by C.P. 
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LETTER TO THE EDITORS 


THE PROBLEM OF THE ROLE OF EYE MOVEMENT 
DURING VISION * 


A. L. IARBUS 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 15 March 1959) 


IN the course of examining surrounding objects, the eye is in constant movement. 


It has been suggested that the kinaesthetic signals of the eye in motion play a decisive 
role in assessing proportions and distances between objects. They have in fact been 
offered as an explanation of many optical illusions. In order to investigate the role 
of kinaesthetic signals it was decided to undertake an experiment in conditions in 
which the normal link between the movement of the eye and displacement of the retinal 


image was disturbed. 


METHODS 
On the eye anaesthetized with dicaine, the eyelids of which were fixed with strips 
of adhesive plaster, a suction disk was positioned as depicted schematically in Fig. 1. 
After this the subject saw objects through the diaphragm only by means of a mirror. 
All objects located to the side appeared to be in the frontal plane. In all the tests the 
field of vision was kept at approximately 50°. Throughout the tests a black bandage 
was tied over the second eye of the observer. Four subjects took part in the tests. 


RESULTS 
(1) Attempts to look at objects through the suction disk placed the eye in an 
extremely difficult position: In fact, at the moment when the eye moved, the mirror 
also turned, which led to displacement of the retinal image but the relationship between 
the angle through which the eye turned and the angle of displacement of the retinal 
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image was complex and differed considerably from the normal, i.e. on looking at 
an object with the naked eye. The attempt to inspect objects through the suction disk 
led, or so it appeared to the subject, to a chaotic shift of these objects in the field of 
vision. In other words, conditions were created in which the subject clearly saw the 
object but could not voluntarily select fixation points, i.e. could not utilize the movement 
of the eye to gain information on the spatial arrangement of the objects. 


Fic. 1. Diagram of suction disk. 1, cornea; 2, dural frame of suction disk; 3, 4 mm diaphragm; 5, round 

glass plate attached to frame over entire perimeter; 6, mirror attached to glass plate, the plane of 

which is at 45° to the axis of symmetry of the frame of the suction disk. The reduced pressure in the 

space between the suction disk frame and the cornea was produced by means of a rubber bulb, 4. The 

polished edges of the frame of the suction disk are corrugated in order to prevent it slipping on the 
eyeball. 


In order to assess the difficulties in perceiving the objects through the suction 
disk, the subject was usually asked after each test for the sake of comparison to solve 
the same problem with the naked eye. It was found that the difficulties were mainly 
in analysis of proportions and distances. However, the possibility of such judgment 
was not completely excluded. It simply became much more complicated and recalled 
the difficulties encountered in evaluating the proportions of distinct images presented 
in rapid succession, when, in precisely the same way, we cannot utilize movement 
of the eye. 

(2) Attempts have sometimes been made to explain the appearance of well-known 
optical illusions on the basis of movement of the eye. We were, therefore, curious 
to find out whether illusions are maintained in conditions excluding use of movement 
of the eye as information. Conditions were created in which the subject could quite 
clearly see appropriate patterns through the suction disk. The subjects were presented 
with patterns which normally give rise to an optical illusion; judging distances between 
the periphery of objects, illusions of displacement of segments of a straight line and 
illusions of distortion of straight lines, etc. It was found that all the illusions were 
maintained and that consequently their appearance cannot be attributed to movement 
of the eye. 

It should be noted that optical illusions also persisted in conditions of strict im- 
mobility of the retinal image relative to the retina. This fact was discovered by means 
of a flash lamp which illustrated appropriate patterns in a darkened room. The flash 
lasted for about 0-001 sec and we could, therefore, consider the retinal image as practi- 
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cally stationary. At the same time the intensity of the flash was so great that a sufficiently 
distinct and sustained after image of the pattern arose, by perceiving which the subject 
could judge the presence or absence of a corresponding illusion. 

(3) The fact that the subject could not voluntarily perceive objects through the 
suction disk produced a very disagreeable, sensation. Such an unnatural state often 
led to use of an involuntary system of tracking in which the eye began to perform 
futile, exploratory fluctuating movements accompanied by fluctuations in the visible 
images. In such conditions the subject could not arrest his eye and the fluctuations 
of the eye continued until the end of the test. 

If in the field of vision of the eye (in the mirror of the suction disk) an image of 
an object appeared moving at constant speed, then the tracking of this image was 
always accelerated. As soon as the eye started to track the movement of the image 
of the object, the mirror of the suction disk also turned and the apparent speed of 
the moving image increased (i.e. the speed of the image relative to the retina increased). 
The eye in motion made a suitable correction which in turn led to a still greater increase 
in the apparent speed. A series of such corrections caused accelerated movement of 
the eye which lasted until the visible image of the object fell outside the field of vision. 
Attempts by the subject to control the system of tracking and make it more “rational” 
in these abnormal conditions for the eye did not succeed. Consequently, when the 
normal relation between movement of the eye and displacement of the retinal image 
is disturbed, the tracking system of the eye cannot perform its functions. 


SUMMARY 

In conditions in which the normal relation between movement of the eye and 
displacement of the retinal image was disturbed, visual assessment of proportions and 
distances became difficult but was not completely absent. All optical illusions were 
maintained and consequently their appearance cannot be ascribed to movement of 
the eyes. The tracking system of the eye in these conditions is unable to perform its 
functions. 

For useful discussion of the work the author wishes to express his deep gratitude 
to the Head of the laboratory, N. D. Niubyerg, and to his colleagues. 


Translated by A. Crozy 
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DISCUSSION 
ROLE OF DIFFUSION IN BIOLOGICAL PROCESSES * 


N. A. GABYELOVA 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 
(Received 25 October 1957) 


DEMONSTRATION of the “slowest link” in a chain of investigated processes offers an 
approach to the study of the kinetics of metabolism in the living body. As is known, 
with chemical reactions of any order, the yield of end-product is always determined 
by the speed of the slowest process. In other words, the kinetic law of the slowest 
process (bottleneck) determines the kinetics of all the ensuing events related to the 


process. 
In the living body, the biochemical reactions of metabolism proceed, as a rule, 
with the participation of enzyme systems, i.e. are accelerated enzymatically. In these 
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Fic. 1. Accumulation of radioactive iodine in human thyroid: (A) accumulation 
as a function of the time elapsing after injection of radioiodine; (B) variation with 
the square root of the time. 


conditions, the influx of substances by diffusion from the ambient medium may turn 
out to be the slowest process determining the general kinetics of the phenomenon. 

We discovered such a limiting role of diffusion on investigating the function of the 
thyroid gland by means of radioactive iodine [l1-3]. As is known, the thyroid is a 
highly-specialized organ adapted to the extraction of iodine from the blood and its 
incorporation into the iodine-containing amino-acids. The biochemical reactions 
whereby iodine is incorporated, firstly into diiodotyrosine and then into thyroxine 
occur at quite a high speed with the participation of enzyme systems. It might be 


* Biofizika 4: No. 6, 759-763, 1959. 


Gg 
: 
4, 
10 A 10 8 
‘ 
* 
3 
4 


124 N. A. GABYELOVA 


assumed that as compared with the subsequent biochemical transformations of iodides, 
their diffusion into the thyroid epithelial cells from the blood would be the slowest 
link determining the general kinetics of a process as complex as the uptake of iodine 
by the thyroid gland. 

Indeed, we were able to show [1, 2] that the initial accumulation of radioiodine 
in the thyroid may be described by the diffusion equation which in the differential 
form is expressed by Fick’s law 


di on 
a ax 


(1) 


and in approximated integral form, taking into account the inequality of the stationary 
concentrations, by 


where / is the relative amount of radioiodine in the thyroid gland, 4 is a constant, 
t is the time interval after injection of the radioiodine and B is another constant. 


The relation (2) is well confirmed by factual data. A typical example of agreement 
between the calculated and experimental results is given in Fig. 1. Fig. 1 (A) depicts 
the initial portion of the curves for uptake of radioiodine by the human thyroid gland 
(the uptake of radioiodine is depicted as a function of the time interval after its injection) 
and in Fig. 1 (B) the same data are given as a function of the square root of the time 
(yt). As Fig. 1 (B) shows, the experimental points are located along a straight line, 
which follows from equation (2). 

The agreement between the experimental and calculated results indicates that 
it is precisely diffusion of the iodine from the blood into the thyroid cells which is 
the slowest process determining the general kinetics of the uptake of iodine by the 
thyroid gland. The reliability of such concepts is further confirmed by the correct 
assessment of the order of magnitude of b in equation (2) by comparing the calculated 
and experimental data. 

Generalizing these results, it is possible apparently to postulate that the more 
specialized the process in which the given substance is utilized and the greater the role 
of the enzymatic systems in accelerating the biochemical transformations of the given 
substance, the greater the likelihood that the rate of influx by diffusion will be less 
than the rate of each subsequent stage and will therefore determine the general kinetics 
of the process. 

From this point of view we have considered the experimental findings of Litwack 
and Praimer [4] relative to accumulation of streptomycin in the cells of Mitella clavata 
from the ambient medium. The experimental results of these authors are given in 
Fig. 2 (A) and in Fig. 2 (B) is reproduced the re-calculation of the same experimental 
results made by the authors to discover whether or not the data obtained satisfy the 
monomolecular reaction equation 


log (Co/C) = kt/2°3 


(3) 
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where Cp is the initial concentration of streptomycin in the medium (external to the 
(cells), C is the calculated value of its concentration in the medium at time ¢ (calculated 
on the basis of the data for the influx of streptomycin into the cells), and k is the rate 
constant. 

In Fig. 2 (C) we have presented the original experimental results of these authors 
(as in Fig. 2 (A)) as a function of the square root of the time and plotted the correspond- 
ing “diffusion lines”. As Fig. 2 (C) shows, the experimental points completely fit 
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Fic. 2. Accumulation of streptomycin in cells of algae on influx from ambient medium. Concentration 
of streptomycin in medium: 1, 100 ug/ml; 2, 50 ug/ml; 3, 25 ug/ml. All in 0-22 M phosphate buffer 
at pH 6-0. (A) accumulation as a function of time; (B) same data in the form of the log Co/C as a 
function of time; (C) accumulation as a function of square root of time. Graphs (A) and (B) are repro- 
duced from Fig. 1, 1 and Fig. 1, 2 on p. 397 of the article by Litwack and Praimer [4]; graph (C) is 
plotted from the data of graph (A). 


the calculated diffusion lines, which indicates that, in this instance, it is precisely 
diffusion and not the rate of the chemical conversions — as the authors assumed — 
which determines the kinetics of the process. 

The representation of the kinetics of the process in the form of diffusion lines enables 
certain features of the uptake to be brought out. Thus, by comparing the gradients 
of the diffusion lines in Fig. 2 (C), it may be concluded that with a low concentration 
of streptomycin in the ambient medium (line 3, concentration 25 ug/ml) the effect 
of dilution is manifest in a slowing down of the diffusion process, as can be judged 
from reduced gradient of line 3 when compared with lines 2 and | (50 and 100 ug/ml). 
For a relatively high concentration of streptomycin in the ambient medium (100 ugml) 
the corresponding diffusion line (1) in Fig. 2 (C), on extrapolation to t = 0 does not 
pass through the origin of the co-ordinates, as do lines 2 and 3; the resulting intercept 
is indicative of the presence of initial adsorption which occurs apparently at the surface 
of the cells immediately after immersion in a medium containing an adequate con- 
centration of streptomycin. 
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Underestimation of the role of diffusion as a factor often determining the kinetics 
of metabolism in the body is apparently connected with the erroneous notion that 
the movement of substances against the concentration gradients frequently observed 
in the body cannot be accomplished through diffusion, and that diffusion always 
tends to equalize the concentrations. In fact, the comprehensive definition of diffusion 
as the transfer of matter by thermal motion does not preclude the possibility of dif- 
fusion against the concentration gradient. Even in inanimate objects it is easy to find 
examples of diffusion against the concentration gradient. In any process of extraction, 
use is made of diffusion against the gradient of concentrations which comes about 
when a small volume of a good solvent is added to a large volume of a poor one (con- 
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Fic. 3. Translocation of !4C-labelled sucrose from leaf of sugar beet to base of petiole. 
(A) variation with time; (B) variation with square root of time. Graphs plotted from 
data in Table 7 in dissertation by Turkina [6]. 


taining the substances to be extracted). The substance undergoing extraction diffuses 
into the good solvent initially with the gradient to the point of equalization of con- 
centrations, and then against the gradient until an equilibrated ratio of concentrations 
is reached in accordance with the relative solubilities of the substance in both solvents 
(coefficient of distribution). 

Any cell is a multiphasic system so that it is possible to speak of the varous “solubi- 
lities” of a given substance in different parts of the cell or in different cells as compared 
with the blood, and so on [5]. The coefficients of distribution of the substance in 
the different phases of the living cell or tissue are dependent, furthermore, not only 
on the relative solubilities but also on the kinetics characterizing the process. This 
alone might explain the diffusion of substances against the concentration gradients. 
Of no less importance is the definite directionality of the chemical reactions in the cell 
structures. If, as a result of these reactions the chemical form of the intake substance 
is changed, e.g. conversion of phosphates into organically-bound phosphorus, then 
a “place is vacated” for subsequent guided diffusion from the ambient medium into 
the cell. 

It can be shown that the translocation of sugars in sugar beet, known in advance 
to occur against the concentration gradient, is effected by means of diffusion, although 
for the maintenance of this process the active physiological participation of conducting 
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pathways is necessary. In Fig. 3 (A) we give Turkina’s experimental results on the translo- 
cation of labelled sucrose from the leaf to the base of the petiole of sugar beet [6]. 
In Fig. 3 (B) we reproduce the same data as a function of the square root of the time 
(yt) from which it may be seen that after 1-5 hr the diffusion relationship (2) still 
holds good since the experimental points in Fig. 3 (B) fit the “diffusion line”. Only 
the last point 3 hr after the start of the test deviated from the diffusion line, which 
suggests that some of the sucrose had had time to shift from the petiole to the root 
of the beet. 
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Fic. 4. Accumulation of 22Na, 42K and 3°C] in the giant axon of Loligo pealii on in vitro influx of 

isotopes from ambient medium. (A) variation with time after placing nerve in labelled medium; 

(B) variation with square root of time. Graph (A) is reproduced from Fig. 4 on p. 289 of article by 
Shanes and Berman [7]; graph (B) plotted from data of graph (A). 


Another example is that of the kinetics of influx of ions into the isolated giant 
axon of Loligo pealii. Shanes and Berman placed the surviving nerve into an artificial 
sea-water containing 22Na, 42K or 36Cl and determined the corresponding accumulat- 
ions of the isotopes in the nerve [7]. The experimental results of these authors are 
reproduced in Fig. 4 (A) and the same data but as a function of yt in Fig. 4 (B) which 
shows that the experimental points cluster around the “diffusion line” corresponding 
to equation (2). Thus, it is confirmed that the influx of potassium, sodium and chlorine 
ions from the ambient medium into the isolated nerve fibre is in the nature of diffusion. 


The presentation of the experimental results in the form of a function of }/1 enables 
features of the process previously concealed to be disclosed. Thus, from the gradients 
of the lines obtained it can be estimated that potassium ions diffuse into the nerve 
faster than do chlorine ions. However, the chlorine ions (and sodium ions similarly) 
are apparently adsorbed on the surface of the fibre within the first minutes or seconds 
after immersion of the nerve in a solution containing these ions; the presence of this 
initial adsorption may be inferred from the value of the intercept made by the “dif- 
fusion line” on the ordinate axis. Against the background of this initial adsorption, 
which is absent for the potassium ions, diffusion of chlorine ions then occurs slowly 
(as compared with potassium) and at approximately the same rate of diffusion as for 
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sodium ions. It is much more difficult, if not impossible, to demonstrate these re- 
lationships from the normal curves of accumulation as a function of time (Fig. 4 (A)). 

Thus, a representation of the kinetics of the process in the form of “diffusion lines” 
is not merely of intrinsic importance but allows of a practical demonstration of the 
different kinetic features of the process. 

It is interesting to note that the limiting role of the rate of diffusion may also be 
detected in enzymatic reactions in vitro. It can be shown, for example, that the kinetics 
of proteolysis of serum albumin by trypsin also corresponds to the diffusion re- 
lationship (2). 
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Fic. 5. Kinetics of proteolysis of serum albumin by trypsin (1) and trypsin-ergosterol complexes (2). 
(A) variation with time; (B) variation with square root of time. Graph (A) reproduced Fig. 5 on p. 590 
of article by Oparin, Gel’man and Deborin [8]. Graph (B) plotted from data of graph (A). 


Fig. 5 (A) reproduces the experimental kinetic curves in the article by Oparin, 
Gel’man and Deborin [8]. In Fig. 5 (B) the same data are reproduced as ‘a function 
of } 1. The kinetic curves of Fig. 5 (A) could readily be transformed into the diffusion 
lines of Fig. 5(B). In this instance, because of the diffusion, well-defined steric relations 
between the molecules of enzyme and substrate should apparently be ensured . After 
the enzyme and substrate take up their appropriate positions relative to each other, 
proteolysis is apparently effected without any retardation [9]. The kinetics of proteolysis 
is determined, therefore, precisely by the kinetics of the “preparatory process”, i.e. 
by the slowest link in the chain which in this instance also is diffusion. 

We could give many examples of such influx and translocation of substances in 
biological systems by means of diffusion. Apparently, diffusion is, as a rule, the slowest 
process in a consecutive chain of events and this factor makes the diffusion equation (2) 
if not universal, at least widely applicable in the kinetics of many biological processes. 

This factor, at first glance, limits the possibility of kinetic analysis of many biological 
phenomena, since diffusion as it were masks the kinetics of all subsequent stages by 
the limit placed on the Speed of “delivery of raw material”. However, in fact, a study 
of the kinetics of diffusion and demonstration of a real deviation from the diffusion 
line on influencing a particular phase of the process by various experimental factors 
may contribute to elucidating the mechanisms of the phenomena under study. 
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As is known, the rate of any process in the living body is dependent on the general 
functional state of the whole and varies with the level of physiological activity of the 
given cell, organ or tissue: in such a case if diffusion limits the rate and determines 
the kinetics of the given process in vital activity, is it possible to alter the rate of dif- 
fusion by the influence of biological regulation? The question may be answered in 
the affirmative. 

In the heterogeneous living system, the rate and direction of diffusion are dependent 
on the relative solubilities of the substance in the various phases, on the nature and 
size of the interface, the character of the biochemical reactions in which the given 
substance takes part and on many other factors each of which is subordinated to 
biological regulation: in turn the diffusion process often determines not merely the 
kinetics of the further transformation of the given substance, but also influences the 
stationary levels of its concentrations in the different phases and in different chemical 
forms. 

For example, we were able not only to demonstrate the change in the speed of 
diffusion of iodides from the blood into the thyroid in relation to the functional state 
of the latter [1-3], but also to demonstrate the possibility of excerting an influence 
on the diffusion by injecting into the body substances which change the functional 
activity of the thyroid [1]. 

It may be assumed that the changed rate of diffusion on transition from one functio- 
nal state to another is connected with corresponding changes in the submicroscopic 
structure, depending largely on the configuration and properties of the protein mole- 
cules and their complexes. The results of a number of investigations lend support 
to this thesis. 

Brombyerg and Mal’tseva have investigated the change in the rate of diffusion 
in protein gels in vitro [10] and shown that the rate of diffusion may depend on the 
reversible adsorption of the diffusing substances on the protein molecules. By intro- 
ducing adsorbents into the gel, the authors found a regular decline in the effective 
rate of diffusion in line with the increased adsorptive capacity of the gel. The more 
recent observations of Vigneron, Genin and Chastel [11] have demonstrated the dif- 
ferent diffusion rates in protein films. The differences are related to the configuration 
of the protein molecules (with «-§ transition). 

If we interpret the findings of Brombyerg and Mal’tseva [10] and Vigneron ef 
al. [11] in accordance with the denaturation theory of Nasonov and Aleksandrov [12], 
it can be postulated that in the living cella change in adsorptive properties (always 
observed with change in the functional state) must be accompanied by change in the 
rate of diffusion of the various substances into the cytoplasm even if the stationary 
relative concentrations between the extracellular medium and the cell remain unchanged. 
In actual conditions, the change in the functional state of the cell is, as a rule, accom- 
panied by a transition to a new stationary concentration ratio, which must change 
the rate of diffusion even further and yet, at the same time, is dependent on this change. 

Thus, it should not be expected that the process of diffusion in the living body 
is (a) always directed at equalizing concentrations and (b) distinguished by the con- 
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stancy of velocity and independence from biological regulation. Diffusion, as with 
any other physical or chemical process in the living body, is not isolated from other 
combined processes and must be considered as a necessary component of any biological 


phenomenon. 

Without determining the specific biological features of the particular process, if 
diffusion is the slowest link in the sequence of combined processes it will determine 
the general kinetics of the biological phenomenon. Since, as compared with enzymati- 
cally-accelerated biochemical reactions, diffusion is a relatively slow process, it may 
be expected that the kinetics of many biological processes must be determined precisely 


by diffusion. 
Translated by A. Crozy 
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